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Page  002. 

Brief  information  according  to  forms  and  properties  of  the 
ionizing  radiations/emissions,  which  affect  the  radio-electronic 
equipment  and  its  elements/cells  is  given  in  the  monograph. 

The  information  on  ones  of  the  measurement  of  the  physical 
quantities  of  the  ionizing  radiations/emissions  is  given;  these  data 
are  represented  taking  into  account  the  conventional  units 
measurements  in  the  USSR  in  connection  with  the  introduction/ input  of 
international  system  of  units  the  measurement  of  SI.  The  possible 
conditions  for  the  work  of  electronic  equipment  and  its  completing 
elements/cells  in  the  fields  of  the  effect  of  the  ionizing 
radiations/emissions  are  examined.  Physical  representations  about  the 
character  of  interaction  of  the  charged/loaded  particles  and  quantum 
radiation/emission  with  the  substance  are  presented.  The  forms  of 
radiation  damages  in  materials  and  elements/cells  of  electronic 
devices  are  examined.  Some  data  on  the  radiation  durability  of  radio 
engineering  materials,  radioelements  and  separate  electronic  devices 
are  given. 

The  book  is  intended  for  the  specialists,  who  carry  out 

development  and  operation  of  radio-electronic  equipment,  and  also  for 
the  students  of  the  corresponding  specialties. 
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Introduction. 

In  recent  years,  considerable  attention  is  paid  to  the  study  of 
the  character  of  the  effect  of  the  ionizing  radiations/emissions  on 
the  electronic  equipment,  the  instruments  and  the  elements/cells  of 
electronics  and  radio  engineering  materials. 

Interest  in  a  question  of  the  effect  of  the  ionizing 
radiations/emissions  on  electronic  engineering  is  caused  by  the  fact 
that  in  our  time,  radio-electronic  equipment  is  the  integral  part  of 
different  kind  of  technical  devices/equipment  and  units,  including 
such,  which  can  be  operated  in  the  fields  of  intense  nuclear 
radiation.  Such  fields  of  the  ionizing  radiations/emissions  in  the 
locations  of  electronic  equipment  can  arise  close  to  nuclear  power 
and  power  plants,  used  on  the  atomic  power  plants,  in  the  atomic 
electric  generators  also  on  other  technical  objects.  Upon  the  entry 
of  object  into  the  zone  of  nuclear  explosion  the  equipment  can 
undergo  the  action  of  the  impulse/momentum/pulse  of  penetrating 
radiation.  And  finally  on  onboard  equipment  of  space  objects  will  act 
the  ionizing  radiations/emissions  outer  spaces. 
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The  ionizing  radiations/emissions  of  nuclear  installations, 
nuclear  explosions  and  cosmic  radiation  are  distinguished  by  it  to 
composition  (neutrons,  7-quantum,  electrons,  protons,  beta-,  alpha- 
and  other  particles),  to  energy  spectrum,  the  density  of  flows, 
duration  of  effect,  etc. 

The  effect  of  similar  radiations/emissions  leads  to  structural 
changes  in  the  materials,  emergence  of  ionization,  heating, 
appearance  of  induced  radioactivity  and  many  other  phenomena,  which 
disrupt  physical  and  chemical  processes  in  the  technical 
devices/equipment . 

Page  004. 

The  studies  of  efficiency  of  radio-electronic  equipment  in  the 
conditions  of  the  effect  of  different  forms  of  radiation  showed  that 
the  ionizing  radiations/emissions  exert  harmful  effect  on  many 
elements/cells  of  equipment.  The  reversible  and  irreversible  changes 
in  the  parameters  of  radioelements,  which  lead  to  the  complete  or 
partial  loss  of  efficiency  of  equipment,  can  be  the  results  of  these 
effects. 

The  author  set  as  his  goal  to  examine  the  series/row  of  the 
bases  nyx  questions,  which  must  be  known,  during  construction  and 
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operation  of  the  electronic  and  electrotechnical  equipment,  intended 
for  the  work  under  the  conditions  of  the  effect  of  those  ionizing, 
radiation/emission.  This  served  as  the  reason  for  association  in  one 
book  of  different  forms  of  scientific-technical  questions. 

The  set-forth  materials  are  illustrated  by  the  data,  published 
in  the  Soviet  and  foreign  press. 

In  Chapter  1  are  given  the  classification  and  the  basic 
properties  of  the  corpuscular  and  quantum  radiations/emissions, 
capable  of  damaging  elements/cells  and  diagrams  electronic  equipment 

% 

Chapter  2  contains  the  material  on  ones  of  the  measurement  of 
the  physical  characteristics  of  the  fields  of  the  ionizing 
radiations/emissions  and  quantitative  content  of  radioactive 
materials  in  the  materials. 

The  possible  sources  of  the  ionizing  radiations/emissions  and 
the  radiation  fields,  created  by  these  sources  in  the  zone  of  the 
work  of  electronic  equipment,  are  examined  in  Chapter  3. 

The  processes  of  interaction  of  the  charged/loaded  particles, 
neutrons  and  gamma-quanta  with  materials  and  elements/cells  of 
radio-electronic  devices/equipment  are  examined  in  Chapter  4. 
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The  book  can  be  useful  for  the  technical  personnel,  which  works 
in  the  field  of  creation  and  operating  of  radio-electronic  means, 
elements/cells  and  materials,  and  also  to  students  and  to  the 
instructors  of  schools  of  higher  education. 

The  author  expresses  large  appreciation  to  all  comrades,  who 
contributed  to  the  appearance  of  this  book. 
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Page  005. 

1.  Short  characteristics  of  ionizing  radiat ion/ emi'gaien ,  that  affect 
the  radio-electronic  equipment. 

In  order  to  understand  the  processes  of  interaction  .i  the 

ionizing  radiations/emissions  with  the  radio  engineering  .«  3rials, 

the  elements/cells,  the  diagrams  and  the  equipment  as  a  whole,  it  is 

necessary  to  know,  first  of  all,  the  forms  of  radiations/emissions 

and  their  property.  Basic  forms  and  characteristics  of  the  ionizing 

radiations/emissions  are  given  in  Ohapter  1;  the  necessary 

supplementary  data  about  them  can  be  obtained  in  monographs  [1-3]. 

« 

1.1.  Forms  of  the  ionizing  radiations/emissions. 

The  ionizing  radiations/emissions  appear  as  a  result  of  natural 
or  artificial  radioactive  decay  of  substances,  nuclear  fission 
reactions  in  the  reactors,  nuclear  explosions  and  some  physical 
processes  in  space. 

According  to  the  Soviet  terminology  accepted  by  ionizing 
radiation/emission  is  understood  any  radiation/emission,  whose 
interaction  with  the  substance  leads  to  the  formation  of  the  electric 
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charges  of  different  signs.  Below  in  the  text  is  given  terminology  in 
accordance  with  the  recommendations  of  the  committee  of 
scientific-technical  terminology  with  the  Academy  of  Sciences  of  the 
USSR  taking  into  account  the  recommendations  of  international  board 
for  radiation  units  and  to  measurements  [4,  5]. 

The  ionizing  radiations/emissions  consist  of  the  directly  or 
indirectly  ionizing  particles  or  the  mixture  of  those,  etc.  To 
directly  (directly)  the  ionizing  particles  are  carried  the  particles 
(electrons,  alpha  particle,  protons,  etc.),  which  possess  a 
sufficient  kinetic  energy  in  order  to  carry  out  ionization  of  atoms 
by  direct  collision. 

Page  006. 

The  indirectly  ionizing  particles  include  the  uncharged  particles 
[neutrons,  the  quanta  (photons),  etc.],  which  cause  ionization 
through  the  secondary  effects. 

The  ionizing  radiations/emissions  are  subdivided  into  the 
corpuscular  ones  and  the  quantum  ones.  Corpuscular  radiation  are  the 
flows  of  the  rapidly  moving  elementary  particles  (neutrons,  protons, 
beta-  and  of  other  particles),  and  also  the  atomic  nuclei  of  chemical 
elements.  The  quantum  radiation/emission  includes  the  electromagnetic 
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ionizing  radiations/emissions  (gamma-  and  X-radiation). 

Neutron  and  gamma-radiation,  which  are  formed  as  a  result  of 
fission  reactions  during  the  nuclear  explosions  and  in  nuclear 
reactors,  is  accepted  to  call  penetrating  radiation  or  penetrating 
radiation/emission. 

The  ionizing  radiations/emissions  by  their  energy  spectrum  are 
divided  into  the  monoenerget ic  ones  (monochromatic)  and  the 
nonmonoenerget ic  ones  (heterochromat ic ) .  Monoenergetic  (uniform) 
radiation/ emission  -  this  is  the  radiation/emission,  which  consists 
of  the  particles  of  one  form  with  the  i-dentical  kinetic  energy  or  of 
the  quanta  of  identical  energy.  Nonmonoenerget ic  (heterogeneous) 
radiation/emission  -  this  is  the  radiation/emission,  which  consists 
of  the  particles  of  one  form  with  the  different  kinetic  energy  or  of 
the  quanta  of  different  energy. 

The  ionizing  radiation/ emission,  which  consists  of  the  particles 
of  different  form  or  particles  and  quanta,  is  called  complex 
radiation. 

1.2.  Properties  of  the  ionizing  radiations/emissions. 

The  physical  parameters,  which  characterize  the  basic  properties 
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of  the  ionizing  radiations/emissions,  from  the  point  of  view  of  their 
effect  to  the  materials  are:  charge,  rest  mass,  rate  of  motion  and 
kinetic  energy  of  particles  or  quanta  (photons). 

Particle  charge  in  nuclear  physics  usually  is  expressed  in  the 
units  of  the  elementary  electric  charge  (electron  charge) ,  equal  to 
1.60«10*1’  k,  either  4.80xl0*l°  cgs  esu  or  1.60*10'J#  cgs  emu. 

The  mass  of  particle  is  measured  in  the  atomic  units  of  mass 
( amu ) . 

Page  007. 


Kinetic  energy  of  relativistic,  i.e.,  moving  at  a  velocity, 
close  to  the  speed  of  light,  particle  can  be  found  from  the  formula 
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4^^-  maximum  energy  of  particles  in  the  spectrum. 

The  calculated  values  of  rates  for  the  different  values  of 
energy  are  given  as  examples  for  the  protons  and  neutrons  in  Tables 
1.1,  for  the  electrons  -  1.3. 

Fig.  1.1-1. 3  gives  dependences  p=JL  and  T  on  the 

kinetic  energy  of  electrons,  protons  and  alpha  particles  [7]. 

Page  008. 

The  charged/ loaded  particles  during  the  motion  in  the  magnetic 
field  are  deflected/diverted.  In  the  case  of  particle  motion  in  the 
direction,  perpendicular  to  magnetostatic  field,  it  will  move  in  a 
circle;  in  the  general  case,  the  particle  motion  in  the  magnetic 
field  will  occur  along  the  helix,  whose  axis  is  parallel  to  the 


DOC  *  83167501 


PAGE 


Table  1.1.  Rates  v  the  wavelength  X  of  protons  and  neutrons 
corresponding  to  different  kinetic  energies  E. 


Page  009. 


K  -  coefficient,  equal:  for  the  electrons  k=1.705*103  G*cm;  for 
the  protons  k*3. 13x10*  G*cm;  for  the  a-particles  k=6. 218*10*  G*cm 
[6]. 


Quantum  radiations/emissions  in  many  processes  exhibit 
corpuscular  nature.  The  particles  of  quantum  radiation/emission  are 
called  quanta  or  photons.  The  rest  mass  of  quanta  is  equal  to  zero, 
velocity  of  propagation  is  equal  to  the  speed  of  light. 

Quantum  energy  of  electromagnetic  radiation  is  equal  to  Planck' 
constant  h,  multiplied  by  the  frequency  v,  namely: 
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Fig.  1.2.  Fig.  1.3. 


Fig.  1.2.  Dependence  /3  on  kinetic  energy:  1  -  a-particles;  2  - 
protons;  3  -  mesons. 


Key:  (1).  MeV. 


Fig.  1.3.  Dependence  7  on  kinetic  energy:  1  -  a-particles;  2  - 
protons;  3  -  mesons. 


Key:  (1).  MeV. 


Page  010. 


The  relationships/ratios  between  the  wavelengths  with  the 


quantum  energy  will  be  given  in  Table  1.5. 
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The  impulse/momentum/pulse  of  quantum  is  equal  to  the  ratio  of 
Planck's  constant  to  the  wavelength  (h/X). 

1.3.  Atomic  nuclei. 

Atomic  nuclei  conditionally  are  subdivided  into  the  lungs  (with 
the  mass  number  A<25)1,  average/mean  (25£A<80)  and  heavy  (a>80). 

With  the  classification  of  the  cosmic  rays  of  nucleus  with  the 
close  reference  numbers  Z  1  are  united  into  the  following  groups  of 
nuclei:  light  with  Z-3-5  and  by  average  atomic  number  A=10, 
average/mean  with  Z*6-9  and  A»14,  heavy  with  Z£10  and  A=31  and  very 
heavy  with  Z£20  and  A*51. 

The  nuclei  of  hydrogen  (protons)  and  helium  (a-particle)  are 
carried,  as  a  rule,  to  the  group  of  elementary  particles.  All  nuclei 
(except  the  nucleus  of  hydrogen)  consist  of  protons  and  neutrons 
(called  nucleons),  connected  with  nuclear  forces.  Nuclear  radius  in 
different  elements/cells  is  within  the  limits  (2-8)  ‘10' 15  of  m  and 
is  calculated  from  the  following  approximation  semi-empirical 
formula: 

)?  =  1,4.10-,,A"3  m. 


The  atomic  radius  is  equal  to  approximately/exemplar ily  10' 10 


m. 
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A  number  of  neutrons  and  in  the  nucleus  is  equal  to  A-Z.  In  the 
stable  atoms,  the  relationship/ratio  between  a  quantity  of  protons 
containing  in  them  and  neutrons  is  described  by  empirical  formula  [3] 

z_  * 

*  1.9B  +  0.0I5^7J 

If  this  relationship/ratio  is  disrupted,  nuclei  are  radioactive. 

FOOTNOTE  1 .  The  total  number  of  protons  and  neutrons  in  the  nucleus 
is  called  mass  number  and  is  designated  by  A  or  sometimes  M. 

a.  Z  (atomic  number  of  substance)  corresponds  to  nuclear  charge 
and  is  equal  to  number  of  protons  in  nucleus  or  electrons  in  atom 
shell  it  coincides  with  reference  number  of  element/cell  in  periodic 
system  of  D.  I.  Mendeleyev.  ENDFOOTNOTE. 

Page  Oil. 

In  this  case,  the  nuclei  with  the  high  content  (surplus)  of  protons 
emit  positrons,  nuclei  with  the  high  content  of  neutrons  -  electrons. 

Depending  on  a  change  in  the  composition  (in  the  content  of 
protons  and  neutrons)  atomic  nuclei  of  one  and  the  same  element/cell 


DOC  »  83167501  PAGE 

can  be  isotopes,  isobars  and  isotones. 

Isotopes  -  nucleus  of  one  element/cell  with  the  identical  values 
of  a  number  of  protons  Z,  but  the  different  values  of  a  number  of 
neutrons  N.  The  majorities  of  chemical  elements  have  two  and  more 
than  isotopes. 

Isobars  -  atomic  nuclei  with  the  identical  mass  numbers  A,  but 
the  different  content  of  protons  Z. 

Isotones  -  atomic  nuclei  with  an  identical  number  of  neutrons  N, 
but  different  mass  numbers  A. 

The  atomic  nuclei  of  one  and  the  same  radioactive  elements  with 
the  identical  ordinal  and  mass  numbers  can  be  found  in  different 
metastable  energy  states,  by  virtue  of  which  have  different 
radioactive  properties  (type  of  radioactive  radiation,  the  half-life 
period,  radiant  energy,  etc.).  Such  atomic  nuclei  are  called  isomers. 

1.4.  Elementary  particles. 

To  a  number  of  ionizing  radiations/emissions,  which  call 


considerable  changes  in  the  properties  of  radio  engineering 
materials,  it  is  accepted  to  at  present  carry  the  following  forms  of 
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radiations/emissions:  neutron,  proton,  electronic,  alpha  particles 
and  gamma-quanta. 

Neutrons . 

Neutron  -  elementary  particle,  which  does  not  have  electric 
charge1;  is  the  component  part  of  atomic  nuclei;  it  is  designated  by 
symbol  n  or  n1. 

The  mass  of  neutron  is  close  in  the  value  to  the  nuclear  mass  of 
hydrogen  atom  and  composes  1838.63  electronic  masses  and  is  equal  to 
m,- 1,008961  to  a . e.m.  =939. 55  MeV,  i.e.,  it  is 

approx imately/exemplarily  1.3  MeV  more  than  the  mass  of  proton. 

FOOTNOTE  1 .  It  follows  from  the  experiences  of  Fermi  and  Marshal  [8] 
that  if  the  neutron  possesses  electric  charge,  then  its  value  is  not 
more  than  10* l*  electron  charges.  ENDFOOTNOTE. 

Page  012. 

The  neutron  exists  not  long  in  the  free  form,  since  it  is 
rapidly  seized  by  atomic  nuclei  or  is  converted  by  electron  emission 
into  the  proton  according  to  the  diagram 

n  —  p  -f-e?"  +  v. 
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Therefore  neutron  is  occasionally  referred  to  as  the  simplest 
beta-active  "nucleus".  The  period  of  the  half-life  of  free  neutrons 
from  the  results  of  the  latter  determination  is  equal  to  11.7+0.3  min 
[9].  The  wavelength  of  neutron  depends  on  its  energy  £>>  and  it  can  be 
determined  (without  taking  into  account  relativistic  corrections) 
from  the  expression 

1  A 

A.  »  —  . 

Y  * 

The  wave  properties  of  neutrons  become  apparent  when  the  length 
of  neutron  is  compared  with  the  interatomic  distance,  i.e.,  with  low 
energy  and  at  long  wave  lengths.  With  an  increase  in  the  energy  and, 
consequently,  also  with  the  decrease  of  wavelength  the  neutron 
exhibits  its  corpuscular  properties. 

The  wavelengths  and  the  velocities  of  neutrons,  which  correspond 
to  different  kinetic  energy,  are  given  inTable  1.1  [10].  The 
velocity  of  neutron  was  computed  according  to  the  formula 

o=  1,38- 107J/^  m/s  <l-5> 


where  kinetic  neutron  energy,  MeV. 
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Neutrons  are  formed  as  a  result  of  natural  and  artificial 
radioactive  decay  of  the  atomic  nuclei  of  substance,  nuclear  fission 
reactions,  which  take  place  in  nuclear  reactors  and  during  the 
nuclear  explosions,  the  thermonuclear  addition  reactions  of  the 
atomic  nuclei  of  light  elements,  and  also  as  a  result  of  the  nuclear 
bombardment  of  the  atoms  of  substances  with  the  fast  charged/loaded 
particles  and  with  gamma-quanta. 

The  character  of  interaction  of  neutrons  with  the  atomic  nuclei 
of  substance  depends  on  neutron  energy.  In  accordance  with  this  it  is 
accepted  to  class  neutrons  according  to  the  ranges  of  their  kinetic 
energies.  These  ranges  are  selected  so  that  the  neutrons  of  one  group 
would  possess  the  specific  prevailing  form  of  interaction  with  the 
substance,  had  the  similar  methods  of  obtaining  of  flow  and  its 
recording.  The  selection  of  ranges  has  the  certain  degree  of  freedom. 

Page  013. 

Usually  neutrons  over  the  ranges  of  kinetic  energies  are  subdivided 
into  the  following  groups: 


-  cold  neutrons  with  the  energy  from  0  to  0.005  eV  (£„ <0.005  eV); 
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-  the  thermal  neutrons  (neutrons,  which  are  found  in  the  thermal 
equilibrium  with  the  atoms  of  the  substances,  energy  of  thermal 
condition  of  which  is  equal  to  liTvllJ,=kT°,  where  k  -  Boltzmann  constant, 
T°  -  absolute  temperature)  with  the  energy  from  0.005  to  0.5  eV 
(0.005  eV  <£«< 0,5'  eV)  ,  the  medium  energy  (at  a  room  temperature 
T°*>300°  K)  it  is  equal  to  0.025  eV; 

-  neutrons  of  intermediate  energy  with  the  energy  from  0.5  to 
10V10*  eV  (0.5  eV  <£,,<1-10  keV).  They  call  also  them  epithermal, 
epicadmium,  resonance.  As  upper  boundary  of  the  range  of  energy  of 
this  group  it  can  be  accepted  as  100  keV; 

-  fast  neutrons  with  the  energy  from  ( 0 . 1-0 . 5 ) • 10 ‘  to 
(10-20)  •  10  *  eV  (0.1-0. 5  MeV  <  £„_  <  of  10-20  MeV).  In  the 
thermal-neutron  reactors  this  group  includes  neutrons  with  the  energy 
more  than  10  keV; 

-  ultrahigh-speed  or  relativistic  neutrons  with  the  energy  of 
more  20*10*  eV  (£„>  MeV).  Energy  of  these  neutrons  exceeds  energy  of 
binding  of  nucleons  in  the  nucleus,  which  can  lead  to  the  complicated 
nuclear  reactions. 
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During  the  larger/coarser  division  of  neutrons  into  the  groups 
over  the  ranges  of  neutron  energy  with  the  energies  from  0  to  1*103 
eV  are  carried  to  the  slow  ones,  from  l-lO3  to  ( 0 . 1-0 . 5) xlO *  eV  to 
intermediate,  from  ( 0 . 1-0 . 5 )  •  10  *  to  (10-20) *10*  eV  -  to  the  rapid 
ones  and  with  the  energy  of  more  20*10  ‘  eV  -  to  the  ultrahigh-speed 
ones . 


The  neutrons,  emitted  during  the  fission  of  heavy  nuclei, 
possess  the  energy  spectrum  characteristic  for  them,  which  is  called 
fission  spectrum.  The  neutrons  of  this  spectrum  (using  the  method  of 
their  obtaining)  are  carried  to  the  group  of  fission  neutrons. 

During  the  evaluation  of  the  radiation  durability  of  radio 
engineering  materials,  elements/cells  of  electronic  engineering  and 
equipment,  on  the  basis,  in  essence,  of  the  physical  processes  of 
interaction  of  neutrons  with  the  semiconductor  materials,  the 
neutrons  with  the  energy  to  14-15  MeV  over  the  ranges  of  energy  can 
be  divided  into  two  groups: 

-  slow  neutrons  with  the  energy  to  0.1*10‘  eV  (£„<o,l  MeV)  and 


-  fast  neutrons  with  the  energy  of  more  0.1*10*  eV  (fn 5*0,1  MeV)1 


DOC  =  83167501 


PAGE  Jf 


Page  014. 

Protons . 

Proton  -  stable  elementary  particle  with  the  positive  elementary 
electric  charge,  equal  in  the  absolute  magnitude  of  the  charge  of 
electron  (1.6*10' 11  K) ;  is  designated  by  symbol  p  or  XN2.  Proton  is 
the  nucleus  of  the  lightest  hydrogen  isotope  (protium),  therefore, 
the  mass  of  proton  is  equal  to  the  mass  of  hydrogen  atom  without  the 
mass  of  electron  and  is  1.00759  amu,  or  1.672*10* 2 7  kg. 

Protons  together  with  the  neutrons  are  included  in  all  atomic 
nuclei.  Proton  is  carried  to  the  stable  elementary  particles. 

Computed  values  of  the  wavelengths  and  rates  of  motion  for  different 
energies  of  protons  are  given  in  Table  1.1. 

The  mean  free  path  of  protons  with  the  energy  to  1000  MeV  in  the 
substance  depends,  in  essence,  from  the  ionizing  losses;  therefore 
the  mean  path  of  proton  can  be  determined  as  follows  [11]: 
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Since,  for  low  energies  of  protons,  the  theory  of  ionizing 
losses  proves  to  be  unsuitable,  usually  integration  is  produced  not 
from  zero,  but  from  some  wave  energy  of  proton  then 


R(Ey)  =  R 


(1.6) 


where  (-3 7-)  —value  of  the  ionizing  losses  of  protons,  MeV/g*cm*x  (or 

\  J  non 

MeV/kg*m_  2 ) . 


FOOTNOTE  x.  In  the  foreign,  to  literature  sometimes  to  the  fast 
neutrons  are  carried  the  neutrons  with  the  energy  of  more  than 
0.3-0 . 5  MeV.  ENDFOOTNOTE. 


Page  015. 

Table  1.2  gives  the  landing  runs  of  protons  with  the  energy  from 
2  to  100.000  MeV  in  the  beryllium,  carbon,  aluminum,  copper,  lead  and 
air,  calculated  by  Sternheimer  [12]. 

Protons  are  emitted  by  atomic  nuclei  as  a  result  of  the 
bombardment  with  their  charged/loaded  particles,  by  neutrons, 
gamma-quanta,  etc.  For  example,  proton  was  for  the  first  time 
discovered  by  Rutherford  during  the  nuclear  disintegration  of 
nitrogen  with  the  aid  of  the  alpha  particles.  The  protons  with  the 
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energy  to  101*-101*  eV  are  included  in  cosmic  rays. 

Alpha  particles. 

Alpha  particle  is  the  nucleus  of  helium,  which  consists  of  two 
protons  and  two  neutrons,  therefore,  with  the  positive  electric 
charge,  two  times  large  (in  the  absolute  value)  of  electron  charge; 
it  is  designated  by  symbol  p  or  2He4;  atomic  weight  4.003;  mass 
6.644»1017  kg,  which  corresponds  to  energy  3727.07  MeV. 

In  contrast  to  other  elementary  particles  of  the  a-particle  they 
have  the  smallest  mean  free  path  in  the  materials;  therefore  they 
virtually  do  not  affect  the  elements/cells  of  equipment,  which  are 
shielded  by  jacket/case/housing  or  other  screens  or  coatings.  The 
mean  free  path  of  a-particles  in  air  is  approximately/exemplarily 
proportional  to  the  cube  of  their  rate.  The  dependence  of  the  landing 
run  of  A-particles  in  air  (for  the  landing  runs  of  more  than  1  cm) 
from  their  kinetic  energy  can  be  calculated  according  to  following 
approximation  formula  [13]: 

*#  =  0,32£f,  d-7) 

where  x,  -  length  of  the  mean  path  of  A-particle  in  air,  cm; 

£ .  —  kinetic  energy  of  a-particle,  MeV. 
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In  terms  of  the  known  value  of  the  landing  run  of  a-particles  in 
air  it  is  possible  to  calculate  their  landing  run  in  other  substance 
from  the  following  relationship/ratio: 

*  =  3,2-l0-4*,  cm,  (1.8) 

f 

where  p  -  density  of  substance,  g/cm1. 

Alpha  particles  are  emitted  upon  decay  of  heavy  radioactive 
nuclei  (uranium,  thorium,  radium,  etc.).  To  the  discovery/opening  of 
protons  and  neutrons,  they  were  utilized  as  the  only  bombarding 
particles  for  obtaining  the  nuclear  reactions. 
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Table  1.2.  Landing  runs  of  protons  in  the  substances. 
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.56,55 
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1  489 
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3  556 
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45  890 
50  810 
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415  190 
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note.  The  thickness  of  the  layer  of  substance  in  the  grams  to 
the  square  centimeter  is  equal  to  the  product  of  mean  free  path  to 
density  (x*p);  1  g/cmJ=10  kg/m*. 

Key:  (1).  MeV.  (2).  Landing  run  (kg/mJ)  in.  (3).  beryllium.  (4). 
carbon.  (5).  aluminum.  (6).  copper.  (7).  lead.  (8).  air. 

Page  018. 

Alpha  particles  are  emitted  in  the  presence  of  the  nuclear  reactions 
in  nuclear  reactors  and  during  the  nuclear  explosions  and  enter  into 
the  composition  of  cosmic  rays,  and  also  they  can  be  obtained  on  the 
accelerator  facilities  by  accelerating  the  ionized  atoms  of  helium. 

Electrons  and  positrons. 

An  electron-stable  elementary  particle  with  a  mass  of 
9.108*10*Jl  kg,  the  rest  energy  0.511  MeV  and  the  negative  elementary 
electric  charge,  equal  to  4.8029*10’l#  cgs  esu,  or  1.6*10'x*  k.  It  is 
designated  by  symbols  e,  e'  or  /3'. 


Positron  is  the  antiparticle  of  electron.  In  contrast  to  the 
electron,  the  positron  has  positive  elementary  electric  charge  and  it 
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is  considered  as  the  short-lived  particle.  Positron  is  designated  by 
symbols  e '  or  /3* . 

The  wavelengths  and  rate  of  electrons  and  positrons  for 
different  energies  are  given  in  Table  1.3. 

The  penetrating  power  of  /3-radiation  (electrons  and  positrons) 
many  times  more  than  a-particles  and  the  protons  of  the  same  energy. 

Fig.  1.4  shows  the  relative  decrease  of  a  quantity  of  electrons 
of  different  energy  in  proportion  to  their  passage  through  the  layer 
of  substance  [13].  In  this  case,  the  landing  runs  of  electrons  in 
different  substances,  represented  in  the  kilograms  to  the  square 
meter,  are  accepted  (with  a  sufficient  accuracy  for  practical 
purposes)  identical.  Table  1.4  gives  the  maximum  landing  runs  of 
/3-particles  with  different  energy  in  aluminum,  water  and  air. 


DOC  =  83167501 


PAGE 


*1 


Table  1.3.  Rates  v  the  wavelengths  X,  which  correspond  to  different 
kinetic  energies  E  of  electrons  and  positrons. 


CM 

v,  mJcck 


0 

5.93- 10* 
1.88-10* 
5,93  10* 


1 . 23  1 0  -  • 
3,83- 10-  •• 
1 ,23- 10- »• 


Key:  ( 1 ) .  eV.  ( 2 ) .  m/s . 


Page  019. 


1 ,88  10' 
5,85  10' 
1,64- 10* 
2.84.10* 


J ,  88  •  111-  11 
1 ,22  10-  " 
3,70- 10-** 
2 


During  the  estimation  of  the  penetrating  power  of  /3-radiation, 
the  practical  length  of  their  landing  run  in  the  substance,  equal  to 
the  value  of  the  thickness  of  screen,  obtained  during  the 
intersection  of  the  continuation  of  the  straight/direct  section  of 
the  curve  of  beam  attenuation  of  electrons  (dotted  line  in  Fig.  1.4) 
with  the  axis  of  abscissas  is  determined. 


The  practical  mean  free  path  of  /3-particles  with  the  energy  from 
15  keV  to  100  MeV  in  the  substance  can  be  calculated  according  to  the 
approximation  formula  of  Gloker  [15]: 

/?  =  *,» =4.9- |0-».£'.«  (|.gj 

where  X  is  expressed  in  cm,  p  -  in  g/cmJ  and  E  -  in  keV. 
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Fig.  1.4.  Relative  decrease  of  electron  density  depending  on 
thickness  of  screen. 

Key:  (1).  Density  of  flow,  rel.  un.  (2).  Thickness  of  screen,  kg/m 
(3).  MeV. 


Table  1.4.  Maximum  landing  runs  of  /3-particles  depending  on  their 
energy. 


- FT 

ManriiMMWMa  Mcprua 
|H<wcTKHa  Mm 

|  O’)  Mucmniwl  npoOrr  (mm)  •: 

(9)  MnmmiMi 

(M 

(f)  anuyia 

.0,01 

0,0006 

0,002 

0,13 

0.05 

0,0144 

0,046 

2,91 

0,1 

0,050 

1,58 

10.1 

0.5 

0,593 

1.87 

199 

1 

1,52 

4,80 

306 

2 

3,51 

11.1 

710 

3 

5,5 

17,4 

1100 

5 

9.4 

29,8 

1900 

10 

19.2 

60,8 

3900 

Key:  (1).  Maximum  energy  of  /3-particles,  MeV.  (2).  Maximum  landing 
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run  (mm)  in.  (3).  aluminum.  (4).  to  water.  (5).  air. 

Page  020. 

Radioactive  isotopes  are  the  sources  of  /3-particles.  Beta 
particles  are  emitted  during  the  nuclear  explosions  and  in  the 
presence  of  the  reactions  in  nuclear  reactors.  The  electrons  of  high 
energy  can  be  obtained  with  the  aid  of  the  charged  particle 
accelerators.  Beta  particles  also  are  formed  as  a  result  of  the 
course  of  Compton  effects,  effects  of  the  formation  of  vapors,  Auger 
effect.  Electrons  are  the  component  part  of  the  cosmic  radiation. 

Free  electrons  can  be  isolated  from  the  substance  with  the  aid  of  the 
heating  (the  thermionic  emission),  the  irradiation  by  light/world 
(photoelectric  effect)  and  with  the  aid  of  the  electric  field  (the 
autoelectric  emission).  Energy  of  the  /3-particles ,  emitted  by 
radioactive  nuclei  and  in  the  space  artificial  and  natural  radiation 
belts,  reaches  several  ones  million  electronvolt .  Recently  electrons 
with  the  energy  of  more  than  300  MeV  are  discovered  in  outer  space 
(beyond  the  limits  of  the  atmosphere). 

1.5.  Quantum  radiation/emission. 

Quantum  radiation/emission  is  one  of  the  forms  of  the 
manifestation  of  electromagnetic  radiation  and  is  the  flows  of  the 
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quanta  (photons)  of  different  energy.  Depending  on  quantum  energy 
distinguish:  the  gamma-,  X-ray,  ultraviolet,  visible,  infrared  rays 
and  radio  emissions  x.  The  relationship/ratio  between  the  quantum 
energy  and  the  wavelength  is  determined  by  the  equation  of  Planck 
(1.4)  . 


The  broad  band  of  electromagnetic  waves  from  very  short  waves  on 
the  order  of  10' 14  m  to  waves  on  the  order  of  104  m  is  well  studied. 
The  scale  of  electromagnetic  waves  is  represented  in  Fig.  1.5. 

Electromagnetic  waves  in  the  specific  ranges  possess  different 
properties . 

* 

FOOTNOTE  x.  Subsequently  in  the  text  for  the  purpose  of  reduction  we 
will  apply  the  terms:  7-rays,  7-quanta  and  7-radiation,  understanding 
under  them  any  quantum  radiation/emission.  ENDFOOTNOTE. 

Page  021. 

Therefore  for  the  characteristic  of  the  processes,  which  take  place 
during  the  generation,  propagation  and  the  absorption  of 
electromagnetic  waves,  besides  the  general/common/total  parameters, 
which  relate  to  any  wave  of  the  electromagnetic  scale,  are  special 
parameters,  which  relate  to  any  range  and  characteristic  specific 
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special  features/peculiarities  of  this  range.  To  the  electromagnetic 
ionizing  radiations/emissions  it  is  accepted  to  carry  gamma-  and 
X-radiation. 

Gamma-radiation  is  the  quantum  radiation/emission  of  atomic 
nuclei.  Energy  of  these  quanta  corresponds  to  the  wavelength  of 
shorter  than  0.06  A. 

Quantum  radiation/emission  with  wavelengths  of  from  0.06  to  20  A 
is  carried  to  the  X-radiation. 

The  relationships/ratios  between  the  energy  of  electromagnetic 
waves  and  their  length  for  the  photons  of  space,  gamma-,  X-ray  and 
ultraviolet  rays,  calculated  by  formula  (1.4),  are  given  in  table 
1.5.  The  spectrum  of  7-quanta  beyond  the  limits  of  the  atmosphere  is 
at  present  measured  in  the  region  of  energies  to  10 *-10’  eV. 

The  energy  absorption  of  7-radiation  in  the  layer  of  substance 
by  thickness  dx  is  determined  from  the  equality 

=  — ' fE^dx,  (1.10) 

where  <p  -  density  of  the  flow  of  quanta; 


—  energy  of  the  falling/incident  quanta; 
n  -  linear  coefficient  of  absorption  of  7-radiat ion/emiss ion . 


Fig.  1.5.  Scale  of  electromagnetic  waves  {v  -  frequency,  X  - 
wavelength) . 


Key:  (1).  s'1.  (2).  Radio  waves.  (3).  Long.  (4).  Average/mean .  (5). 
Intermediate.  (6).  Short.  (7).  Meter.  (8).  Decimeter.  (9). 
Centimeter.  (10).  Millimeter.  (11).  Ultraradio  waves.  (12).  Infrared 
rays.  (13).  Visible  rays/beams.  (14).  Ultraviolet  rays.  (15). 
X-radiation.  (16).  Gamma-radiation. 
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(4).  J.  (5).  erg.  (6).  cal.  (7).  eV.  (8).  Photons  of  cosmic  rays. 
(9).  Gamma-rays.  (10).  X-rays.  (11).  Ultraviolet  rays. 
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The  sources  of  gamma-radiation  are  "energetically  excited"  of 
atomic  nucleus,  i.e.,  the  atomic  nuclei,  which  have  energy  excess  in 
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comparison  with  their  normal  state.  Contemporary  nuclear  physics 
established/installed,  that  the  nucleus  cannot  prolongedly  exist  in 
the  excited  state  and  after  only  the  time  interval,  equal  to 
approximately  10' 11  s,  it  is  freed/released  from  the  excess  energy 
most  frequently  by  emitting  the  quanta  of  electromagnetic  radiation. 
With  the  work  of  nuclear  reactors,  gamma-  and  X-radiation  appear  as  a 
result  of  division,  and  also  due  to  the  "luminescence"  (radioactive 
radiation)  of  the  activated  elements  of  structures  and  heat-transfer 
agent. 

During  the  nuclear  explosions,  their  formation/education  occurs 
also  in  the  process  of  nuclear  fission  reaction,  but  by  the  basic 
sources  of  electromagnetic  radiation  during  the  nuclear  explosion  are 
radioactive  fission  fragments,  which  are  located  in  the  zone  of 
explosion  and  which  occupy  during  the  first  several  seconds  a 
comparatively  small  volume  of  approximately/exemplar ily  spherical 
form,  and  capture  reaction  of  neutrons  the  atomic  nuclei  of  air. 

Furthermore,  X-ray  and  gamma-rays  appear  as  a  result  of  braking 
the  charged/loaded  particles  with  their  passage  through  the  substance 
(bremsstrahlung)  and  as  a  result  of  the  annihilation  of  positrons  and 
electrons  (annihilation  radiation/ emission) . 


Gamma-rays  are  encountered  also  in  the  composition  of  cosmic 
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2.  Physical  quantities  of  ionizing  emissions. 

The  fields  of  the  ionizing  radiations/emissions  1 ,  in  which  can 
prove  to  be  radio-electronic  equipment,  are  characterized  by  physical 
quantities.  The  possible  conditions  for  work  and  the  radiation 
durability  of  equipment  and  its  completing  elements/cells  and 
materials  are  estimated  with  the  aid  of  these  physical  quantities. 

The  physical  characteristics  of  the  ionizing 
radiations/emissions  quantitatively  are  expressed  in  ones  the 
measurement  of  radioactivity  and  ionizing  radiations/emissions. 

For  the  first  time  the  need  for  the  quantitative  estimation  of 
the  effect  of  the  ionizing  radiations/emissions  arose  after 
discovery/opening  in  1895  of  X-rays  and  defection  of  their  harmful 
effect  on  the  man.  In  1925  was  carried  out  the  first  international 
congress  for  radiology,  at  which  for  the  purpose  of  the  establishment 
of  the  necessary  physical  units  in  the  region  of  radiology  and  mining 
the  recommendations  regarding  the  standards  was  created  international 
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board  for  radiological  units  and  to  measurements.  At  the  second 
international  congress  of  radiologists  (1928)  as  the  unit  of  the  dose 
of  X-radiation  was  accepted  one  by  the  name  "roentgen".  This  unit  was 
applied  also  in  the  USSR.  But  in  1934  in  the  USSR  they  were  developed 
Oun-d  they  were  put  into  operation  OST  VKS  7623  [1],  which  legalized 
units  of  X-radiation,  and  OST  VKS  7159  [2]  on  the  units  of 
radioactivity. 

In  1942  of  first  nuclear  reactor  together  with  the  works  on 
radiation  safety  of  man  the  works  in  the  area  of  nuclear  technology 
were  begun  after  launching/starting  and  arose  the  need  for  the 
creation  of  ones  measurement,  that  characterize  neutron 
radiations/emissions . 

FOOTNOTE  1 .  By  radiation  field  is  understood  the  space-time 
distribution  of  the  ionizing  radiation/emission  in  the  volume  in 
question.  With  the  characteristic  of  the  distribution  of  radiation 
dosage  in  some  space  it  is  accepted  to  speak  about  the  field  of 
radiation  dosages.  ENDFOOTNOTE. 

Page  25. 

Mastery/adoption  by  man  of  outer  space  in  turn  posed  the  problem 
about  level  measurement  of  cosmic  radiation  and  determination  of  ones 
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for  these  measurements. 

On  the  basis  of  works  in  the  region  of  dosimetry  and  radiometry 

n 

of  the  Soviet  and  foreign  scientists  of  K.  K.  Alglintsev,  N.  T. 

Gusev,  V.  I.  Ivanov,  I.  0.  Leypun'skiy,  R.  T.  Yeger  and  many  other 
scientists  and  practitioners  continuously  were  improved  the  methods 
of  dosimetry,  and  together  with  them  n  of  one  the  measurement  of  the 
ionizing  radiations/emissions. 

In  GOST  [r0CT  -  All-Union  State  Standard]  8848-58  [3]  together 
with  the  units  of  the  dose  of  the  ionizing  radiation/emission  and  the 
units  of  the  activity  of  radioisotopes  were  introduced  ones  the 
measurement  of  absorbed  energy  in  the  materials  and  of  the  unit  of 
the  intensity  of  the  ionizing  radiations/emissions. 

In  1962  by  international  board  for  radiological  units  and  to 
measurements  were  comprised  the  recommendations  regarding  the  values 
and  the  units  of  ionizing  radiations/emissions  [4,  5].  The  new 
designations  of  some  values  are  proposed  in  them;  for  measuring  the 
radiat ion/emission  is  introduced  the  system  MKSA,  which  is  the  part 
of  the  international  system  of  the  units  of  SI,  used  for  measuring 
the  electrical  values;  it  is  more  precisely  formulated  the  series/row 
of  determinations. 
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In  accordance  with  t.he  introduction  of  the  international  system 
of  the  units  of  SI  [6-15]  and  the  recommendations  of  international 
board  for  the  radiological  units  and  to  measurements  (MKRE)  in  the 
USSR  was  refined  the  system  of  units  the  measurement  of  radioactivity 
and  ionizing  radiations/emissions.  This  system  of  units  is  legalized 
by  GOST  8848-63,  put  into  operation  from  1  July,  1964,  [16].  The 
terminology  of  physical  quantities,  used  below,  is  given  taking  into 
account  the  recommendations,  given  in  [4,  5,  11,  17-23]. 

In  present  chapter,  together  with  units  of  measurement  of  the 
radioactivity  and  ionizing  radiation/emission,  established/installed 
GOST  8848-63  and  recommended  MKRE,  are  examined  also  units,  which  are 
encountered  in  the  literature  and  in  practice.  The 
relationships/ratios  between  ones  of  the  ionizing 

radiations/emissions  of  separate  measuring  systems  are  given  at  the 
end  of  the  chapter  (Tables  2.11  and  2.12). 

In  the  examination  of  the  units  of  the  measurements  of  the 
ionizing  radiations/emissions  they  subdivide  them  into  two  groups 
[20]. 

Page  26. 

The  values  of  the  first  group  are  intended  for  the 
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characteristic  of  the  field  of  the  ionizing  radiations/emissions  and 
its  effect  on  the  substance.  This  group  includes  the  following  units 
the  measurement:  flow  and  particle  flux  density  (quanta),  energy 
spectrum  and  the  energy  flow  of  radiation/emission,  the  intensity  of 
the  ionizing  radiations/emissions,  the  absorbed  dose  and  the  power  of 
the  absorbed  dose,  exposure  dose  and  the  power  of  exposure  dose. 

The  second  group  of  values  serves  for  evaluating  the 
quantitative  content  of  radioactive  materials  in  the  materials.  These 
values  include  the  activity  and  the  concentration  of  radioactive 
isotope  in  the  materials  or  in  the  medium. 

2.1.  Flow  and  kinetic  energy  of  the  ionizing  radiations/emissions. 

Particle  flux  or  quanta. 

The  flow  of  the  ionizing  particles  or  quanta  is  a  number  of 
particles  or  quanta,  which  penetrate  through  this  surface.  Flow  is 
defined  as  quotient  during  division  of  N  on  AS,  where  N  -  number  of 
particles,  which  is  located  in  the  region  of  section  of  surface  AS, 


The  flow  value  of  particles  (quanta)  according  to  the  system  of 
SI  is  expressed  numerically  of  particles,  which  fall  to  the  square 
meter  (part./m2),  i.e.,  a-part./m2,  beta-part . /m2 ,  neutron/m2, 
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proton/m2,  meson/m1  and  the  like.  In  the  abbreviation  of  the  units  of 
the  flow  of  those  ionizing  radiation/emission  is  allowed/assumed  the 
use  of  letters  of  Greek  and  Latin  alphabets,  and  in  accordance  with 
this  and  the  abbreviations:  a-part./m2  (a/m2),  /3-part. /m2  (/3/m2), 
n/m2,  p/m2,  7-quant. /m 1  (7/m2)  [16]. 

In  the  practice  the  most  frequently  met  unit  measurement  is  one 
particle  to  square  centimeter  (part. /cm2). 

Page  27. 

Thus,  for  instance,  in  neutron  physics  the  very  propagated 
quantitative  estimation  of  neutron  radiation/emission  is  the  total 
(integral)  flow  of  irradiation,  expressed  by  a  number  of  neutrons, 
per  square  centimeter  (n/cw2)1  or  in  nvt,  where  n  -  neutron  density 
(number  of  neutrons  in  1  cm2),  v  -  the  average  speed  of  neutrons 
(cm/s)  and  t  -  exposure  time  (s).  For  the  isotopic 

radiations/emissions  the  neutron  flux,  expressed  in  nvt,  covers  the 
neutrons,  which  move  in  any  direction  and  they  intersect  area/site 
into  one  square  centimeter. 

Sometimes  one  Mwd  (megawatt-day  of  the  energy,  produced  to  the 
ton  of  uranium)  is  used  for  measuring  the  neutron  fluxes  in  the 
reactors.  One  Mwd  in  the  graphite-moderated  reactor  at  a  temperature, 
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close  to  the  room,  corresponds  approximately/exemplar i ly  IQ1’  nvt 
epithermal  neutrons  or  6. 5 *10 17  nvt  predominantly  thermal  neutrons. 


With  the  stream  conditions  of  the  ionizing  radiations/emissions 
kinetic  energy  of  particles  (quanta)  usually  is  indicated.  For 
example,  neutron  flux  with  the  energy  of  more  than  one  tenth  of 
mega-electron-volt  is  written/recorded  in  following 
abbreviated/reduced  form  (D,,  with  £>0.1  MeV  or  iD„(£>0,i  MeV) ,  and  is 
sometimes  simple  O„(>0.1  MeV) . 


Particle  flux  density  or  quanta. 


Particle  flux  density  or  quanta  <p  -  this  designed  per  unit  of 
the  cross-sectional  area  of  elementary  sphere  number  of  particles 
(quanta),  which  penetrate  per  unit  time  into  the  volume  of  this 


sphere: 


The  particle  flux  density  (quanta),  which  proceeds  from  point 
source  (without  taking  into  account  the  effects  of  scattering  and 
absorption),  can  be  determined  on  the  output  of  particles  (quanta) 
from  this  source,  namely: 

(2-3) 

where  n  -  output  of  particles  or  quanta  from  the  source  of  the 
ionizing  radiation/emission  (see  S2.4); 
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R  -  distance  from  the  source. 

FOOTNOTE  1 .  Symbol  "h"  is  not  recommended  to  apply  with  the 
designation  of  neutron  flux,  since  according  to  GOST  9867-61  by  th 
symbol  it  is  accepted  to  designate  one  -  newton.  Instead  of  the 
symbol  "h"  GOST  8848-63  establ ished/ installed  the  abbreviation  of 
neutron  "n".  ENDFOOTNOTE. 

Page  28. 

One  density  measurement  of  flow  is  particle  per  second  to  the 
square  meter,  namely: 

•  m1  «(;iu  a/s  ■  m2, 

§/ cgf c  •  -K*  nS  p/s  •  m2, 
n/cBx .  m'j  Him  n/s  •  m2, 

Y /c%-m2  h®  y/s-m2, 

P/cVk’M 2  hJTh  p/s-m2. 

Key:  (1).  s**m2.  (2).  or. 

In  nuclear  physics  the  particle  flux  density  (quanta)  most 
frequently  is  measured  in  the  particles  per  second  to  the  square 
centimeter  or  n*v  [15]. 


Spectral  density  of  flow. 
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The  spectral  particle  flux  density  (quanta)  is  their  density, 
designed  per  unit  of  spectral  interval. 

The  most  widely  used  unit  the  measurement  of  the  spectral 
density  of  flow  is  a  number  of  particles  (alpha,  beta,  neutrons, 
protons,  etc.)  or  quanta  per  second  to  the  square  meter  and  to  the 
specific  given  energy  of  data  of  particles  in  the 

mega-electron-volts.  For  example:  a/s*m2*MeV,  £/s*mJ*MeV,  n/s*m2*MeV 

Kinetic  energy  of  the  ionizing  radiations/emissions. 

Ones  the  measurement  of  kinetic  energy  of  the  ionizing 
radiations/emissions  as  any  energy,  are  in  the  international  system 
of  the  units  measurement  (GOST  9867-61)  joule  (J),  in  other  systems 
erg  (erg),  watt-hour  (Watt-hour),  calorie  (cal.),  kilogrammeter 
(kgfm) . 

1  J=107  erg=2. 78*10  ' 4  W.  Dimensionality  of  joule  -  m2*kg»s"J. 

Most  frequently  the  measurements  of  kinetic  energy  of  the 
ionizing  radiation/emission  in  radiation  electronics  and  nuclear 
physics  are  made  in  the  electron  volts  (eV). 
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I 

The  calculation  of  kinetic  energy  b  electron  volts  is  conducted 
according  to  the  formula 

|  E  =  ZU,  (2.4) 

where  E  -  kinetic  energy,  eV; 

Z  -  particle  charge; 

U  -  potential  difference,  V. 

One  electron  volt  is  equal  to  kinetic  energy,  which  acquires  (or 
it  loses)  the  once  charged/loaded  particle,  whose  charge  is  equal  to 
electron  charge  ( e=l . 60 • 10 " 1 ’  k=4*10"1#'  CSU  with  the  passage  of 
a  potential  difference  into  one  volt. 

Derived  units  from  the  electron  volt  they  are: 

kiloelectronvolt  (1  kj?v=l*103  eV), 

mega-electron-volt  (1  mfv=10‘  eV), 
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gigaelectron-volt  (1  qdv=10’  eV). 


BeV  (billion  electron  volt)  use  frequently  instead  of  GeV,  since 
10’  call  frequently  billion  (6hjijihoh),  but  not  billion  ( mhjijih ap a )  . 


1  eV-1. 602*10- 1 ’  J=1 . 602 • 10  ‘ 1 2  erg. 

Table  2.1  gives  the  values  of  coefficients  for  the 
translation/conversion  of  energy  of  particles  (quanta)  from  the 
mega-electron-volts  (MeV)  into  the  joules. 

Energy  flow  of  radiation/emission. 

The  energy  flow  of  particles  or  quanta  (more  precise  the  surface 
energy  flow  of  particles  or  quanta)  is  characterized  by  the  energy, 
transferred  by  particles  (quanta)  through  the  unit  of  area.  Are 
encountered  also  term-synonyms  "quantity  of  radiation/emission"  and 
" temporary/t ime  integral  of  intensity". 


The  energy  flow  of  particles  (quanta)  F  can  be  calculated 
according  to  the  formula 


F= 


m,. 

45  ’ 


(2.5) 


or  as  the  sum  of  the  products  of  particle  fluxes  (quanta)  to  the 
kinetic  energy  of  particles  in  these  flows 
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X  NiEt 

F=J~ZS - =5]^“  (2;6) 

i 

where  A£P  -  sum  of  energy  (with  exception  of  rest  energy)  of  all 
particles,  which  enter  into  the  sphere  with  a  cross-sectional  area  of 

AS; 


£,  -  energy  of  the  particles  (quanta)  of  the  i  radiant  flux. 
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Table  2.1.  Conversion  of  the  values  of  energies  of  particles  from  the 
mega-electron-volts  into  the  joules.  (For  obtaining  the  energy  in  the 
joules  of  the  numbers,  placed  in  the  table,  one  should  multiply  by 
10* 1 1 )  . 


('> 

Mas 

/ 

'  MerasjreKTpOHBo.'ibTfei 

0 

Mas 

0 

1 

2 

2 

4 

5 

6 

I  7 

8 

9 

0 

0 

1,602 

3,204 

4,806 

6,408 

8,010 

i 

9,612 

11,21 

12,82 

14,42 

0 

10 

16,02 

17,62 

19,22 

20,83 

22,43 

24,03 

25,63 

27,23 

28,84 

30,44 

10 

20 

32,04 

33,64 

35,24 

36,83 

38,45 

40,05 

41.65 

43,25 

44,86 

46,46 

20 

30 

48,06 

49,66 

51,26 

52,87 

54,47 

56,07 

57,67 

59,27 

60.88 

62,48 

30 

40 

64.08 

65,68 

67,28 

68,89 

70,49 

72,09 

73.69 

75,29 

76,90 

78,50 

40 

50 

80,10 

81,70 

83,30 

84,91 

86,51 

88,11 

89,71 

!  91.31 

92,92 

94,52 

50 

60 

96,12 

97,72 

99,32 

100,9 

102,5 

104,1 

105,7 

!  107.3 

108,9 

110,5 

60 

70 

112,1 

113,7 

115,3 

116,9 

118,5 

120,2 

121.8 

123,4 

125,0 

126,6 

70 

80 

128,2 

129,8 

131 ,4 

133,0 

134,6, 

136,2 

137.8 

|  139,4 

141,0 

142,6 

80 

90 

144,2 

145,8 

147,4 

149.0 

150,6 

152,2 

153,8  1 

I 

155,4 

157,0  j 

i 

'  158,6 

90 

Key:  (1).  MeV.  (2).  Mega-electron-volts.. 
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For  the  gamma-  and  X-radiation 
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where  hv,  -  quantum  energy  of  the  i  radiant  flux,  i.e.,  the  radiant 
flux  of  the  i  frequency. 

Concept  "energy  flow"  is  useful  only  for  describing  the  parallel 
radiant  flux  in  the  void  or  distributing  the  radiation/emission 
around  point  source.  For  example,  already  in  the  case  of  two  point 
radiation  sources  the  area/site,  perpendicular  to  the  flow  from  one 
source,  can  prove  to  be  not  perpendicular  to  the  flow  from  another 
source,  passing  through  this  area/site. 

With  the  passage  of  the  ionizing  radiation/emission  in  the 
absorbing  medium  scattered  radiation  with  another  direction  of 
propagation  appears;  therefore  term  "energy  flow"  can  be  used  only 
for  the  primary  photons  and  the  particles. 

The  energy  flow  of  particles  (quanta)  is  measured  in  the  system 
of  SI  in  the  joules  to  the  square  meter  (J/m2).  Its  dimensionality 
kg*s'2.  Energy  flow  also  can  be  measured  in  other  energy  units  per 
units  of  area,  among  which  is  found  the  greatest  use  electron  volt  to 
square  centimeter  (eV/cm2),  mega-electron-volt  to  square  centimeter 
(MeV/cm2)  and  erg  to  the  square  centimeter  (erg/cm2). 
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Intensity  of  radiation/emission. 


The  intensity  of  radiation/emission  (energy  current  density)  - 
this  is  energy  of  the  ionizing  radiations/emissions,  falling  per  unit 
time  to  the  surface  of  elementary  sphere  and  in  reference  to  the  unit 
of  the  cross-sectional  area  of  this  sphere,  it  is  calculated  from  the 
formula 

n  c* 

(2.8) 


At 


where  AF  -  energy  flow  for  the  time  At. 


Page  32. 


Time  At  must  be  considerably  more  than  the  period  of  oscillation 
of  electromagnetic  radiation,  since  the  calculated  average/mean  power 
for  the  interval  of  time,  compared  with  the  oscillatory  period,  can 
prove  to  be  erroneous  in  view  of  the  fact  that  in  the  limits  of  the 
oscillatory  period  the  power  is  changed  from  the  zero  to  the  maximum 
value. 


As  one  intensity  measurement  of  the  ionizing  radiation/emission 
is  accepted  the  watt  to  square  metal  (W/mJ). 


The  most  widely  used  units  are  in  nuclear  physics:  the  electron 


volt  per  second  to  square  centimeter  (eV/s*cml)  and 
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mega-electron-volt  per  second  to  square  centimeter  (MeV/s*cmJ). 


2.2.  Units  of  measurement,  which  characterize  interaction  of 
radiat ions/emiss ions  with  the  substance. 


Absorbed  energy. 

The  energy  of  the  ionizing  radiation/emission,  converted  in  the 
medium  into  other  forms  of  energy,  is  implied  by  absorbed  energy  of 
any  ionizing  radiation/emission. 

The  energy,  transmitted  by  the  ionizing  radiation/ emission  to 
substance  in  the  assigned  volume,  is  a  difference  between  the  sum  of 
energies  of  all  directly  or  indirectly  ionizing  particles,  which  form 
part  of  the  given  volume,  and  the  sum  of  energy  of  the  same 
particles,  which  left  the  given  volume,  minus  the  energy,  equivalent 
to  any  increase  of  the  rest  mass  in  the  volume  in  question  as  a 
result  of  nuclear  reactions,  namely: 

AEo^Eo—Eaut—moC2,  (2 .2) 

where  ~  energy,  transmitted  by  the  ionizing  radiation/emission  to 
substance  in  the  assigned  volume; 

Ea-  sum  of  energy  of  all  ionizing  particles,  which  entered  the 
volume  in  question; 
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£BUX -  sum  of  energies  of  all  ionizing  particles,  which  they  left  the 
volume  in  question; 

m0c3  -  energy,  equivalent  to  an  increase  in  the  mass 

rest. 

Page  33. 

The  energy  content,  transferred  to  substance  in  the  given 
volume,  is  frequently  called  the  integral  absorbed  dose  in  this 
volume. 

One  the  measurement  of  the  energy,  transferred  to  substance  as 
any  energy,  is  joule  (J),  erg,  electron  volt  (eV)  and  others.  Gram 
rad  is  considered  as  the  special  unit. 

1  g  rad=100  ^rg=10'5  J. 

The  degree  of  ionization  of  substance,  and  also  a  quantity  of 
radiant  energy  absorbed  by  substance  are  the  measure  for  interaction 
of  the  ionizing  radiations/emissions  with  the  substance. 
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As  control  gauge  for  evaluating  the  effect  of  the  ionizing 
radiations/emissions  on  the  substance  it  is  accepted  to  take  the 
radiant  energy,  transmitted  to  substance  per  unit  of  mass.  This  value 
is  called  the-  absorbed  radiation  dosage  or  radiation  dosage.  For  the 
brevity  frequently  they  speak  the  "absorbed  dose"  or  simply  "dose", 
omitting  the  word  of  "radiation/emission".  The  concept  of  the 
absorbed  dose  just  as  the  concept  of  temperature,  is  applicable  with 
the  averaging  of  the  transmitted  to  medium  energy  by  certain  not  too 
small  a  volume.  Otherwise  it  can  be  obtained  that  the  absorbed  dose 
is  exclusively  great  in  the  locations  of  the  ionized  atoms,  and  on 
the  remaining  medium  it  is  equal  to  zero. 

Absorbed  dose  and  power  of  the  absorbed  dose  of  the  ionizing 
radiat ions/emiss ions . 

The  absorbed  dose  D  of  X-ray,  gamma-  and  any  corpuscular 
radiation  is  defined  as  the  quotient,  obtained  as  a  result  of 
division  a£o  on  Am, 

-  (2-io> 

where  a £0  ~  energy,  reported  to  the  substance  with  a  mass  of  Am  by 
the  ionizing  radiation/emission. 
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The  unit  of  the  absorbed  dose  can  be  any  value,  which  has  the 
dimensionality  of  energy  to  the  mass  for  any  substance,  in  which  is 
absorbed  the  radiant  energy. 
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Pages  34-35. 

Table  2.2.  Relat ionships/rat ios  between  different  units  of  radiation 
dosages  (rounded  values). 
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Note.  The  relationships/ratios  between  the  roentgen  and  other 
units  are  given  for  the  radiation/emission  ionizing  actions  on  1  g  of 
air . 

Key:  (1).  Designation.  (2).  Abbreviations.  (3).  by  Russian  letters. 
(4).  Latin.  (5).  rad.  (6).  erg/g.  (7).  J/g.  (8).  J/kg.  (9).  cal/g. 
(10).  rad.  (11).  Roentgen.  (12).  Ergs  to  gram.  (13).  Joule  to  gram. 
(14).  Joule  to  kilogram.  (15).  Calorie,  small  to  gram.  (16). 

Watt-hour  to  gram.  U7) .  W*h/g.  (18).  Electron  volt  to  gram.  (19). 
eV/g.  (20).  Mega-electron-volts  to  gram.  (21).  MeV/g.  (22). 
Kilogrammeter  to  gram.  (23).  kg-m/g.  (24).  Coulomb  to  gram.  (25). 

C/g.  (26).  Coulomb  to  kilogram.  (27).  C/kg. 

Page  36. 

As  one  the  measurement  of  the  absorbed  dose  of  the  ionizing 
radiation/emission  is  accepted  the  joule  to  the  kilogram  (J/kg).  Is 
allowed/assumed  also  (GOST  8448-63)  in  accordance  with  the 
recommendations  of  international  board  for  radiological  units  and  to 
measurements  the  use/application  of  an  extrasystemic  unit  measurement 
only  for  the  absorbed  dose  -  rad  1 . 

1  rad=l*10"J  J/kg=100  erg/g. 
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The  units  of  radiation  dosages  and  scaling  factors  between  them 
are  given  in  Table  2.2. 

PER  (the  roentgen  physical  equivalent)  they  refused  from  the 
unit  of  radiation  dosage,  but  it  is  encountered  in  the  literary 
publications  of  past  years.  Under  FER  the  dose  (absorbed  energy)  of 
any  ionizing  radiation/emission,  which  is  absorbed  by  one  gram  of 
fabric  during  irradiation  by  its  one  roentgen  of  gamma-  or 
X-radiation,  i.e.,  the  quantity  of  absorbed  in  the  fabric  energy  of 
the  ionizing  radiations/emissions,  equivalent  to  one  roentgen,  was 
understood.  For  fabric  1  erg/g.  For  air  1  87.7  erg/g. 

The  power  of  the  absorbed  radiation  dosage  or  the  radiation  dose 
rate  7*  represents  the  absorbed  radiation  dosage  per  unit  time 


where  AD  -  increase  in  the  absorbed  dose  for  the  time  At. 

For  the  unit  of  power  of  the  absorbed  dose  of  the  ionizing 
radiation/emission  in  the  system  of  SI  (GOST  8848-63)  the  watt  is 
accepted  to  the  kilogram  (W/kg). 


Rad  per  second  and  derivative  of  it  (rad/min,  rad/hour,  wrad/s, 
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mrad/min,  mrad/h,  etc.)  is  the  special  unit  of  power  of  radiation 
dosage. 


If  time  is  measured  by  days,  weeks,  months  and  for  years,  then 
instead  of  the  power  of  the  absorbed  dose  sometimes  apply  terms 
"daytime  dose",  "monthly  dose",  "annual  dose".  Data,  given  in  Table 
2.3,  facilitate  the  recalculation  of  the  power  of  the  absorbed  doses. 

FOOTNOTE  1 .  Term  "rad"  is  formed  from  the  initial  letters  Radiation 
absorbed  dose.  ENDFOOTNOTE. 

Page  37. 

Different  forms  and  spectra  of  the  ionizing  radiations/emissions 
possess  different  effectiveness  on  the  effect  on  the  same  materials 
and  on  a  change  in  their  electrical  and  other  parameters,  i.e.,  with 
the  identical  absorbed  doses  of  different  forms  and  energies  of  the 
ionizing  radiations/emissions  in  one  and  the  same  substance  are 
observed  the  ionizing  radiations/emissions  in  one  and  the  same 
substance  they  are  observed  different  physical,  chemica-  and 
biological  (for  the  living  tissues)  effects.  Is  feasible  such  case, 
when  one  form  of  radiation/emission  will  produce  change  in  the 
defined  parameters  in  the  materials,  the  instruments  and  the  parts  of 
electronic  engineering,  while  another  form  of  radiation/emission  will 
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not  affect  a  change  in  these  parameters. 

Table  2.4  as  an  example  gives  the  radiation  equivalents  of 
destruction  for  different  forms  and  different  energies  of  the 
ionizing  radiations/emissions,  which  call  identical  changes  of  the 
lifetime  of  minority  carriers  in  the  p-n  or  n-p  junctions  of  silicon 
elements/cells  [24]. 

With  the  passage  of  the  ionizing  radiations/emissions  through 
the  substance  is  changed  their  composition,  energy  spectrum, 
intensity  of  radiation/emission  and  density  of  flow.  These  changes 
occur  in  view  of  weakening  falling/incident  to  the  body  of 
radiation/emission,  formation/education  of  secondary  radiation, 
scattering  of  radiation/emission,  self-protect  ion ,  etc.  Therefore  the 
numerical  values  of  the  absorbed  dose  in  the  different  sections  of 
substance  usually  prove  to  be  dissimilar.  During  the  evaluation  of 
radiation  effect  on  the  materials  and  the  objects/subjects  (for 
example,  to  instruments  and  parts  of  electronic  engineering)  it  is 
necessary  to  consider  the  factor  of  the  nonuniform  distribution  of 
the  absorbed  dose  on  the  irradiated  object.  In  the  practical  targets, 
in  view  of  the  impossibility  of  the  complete  account  of  the 
nonuniform  distribution  of  the  absorbed  dose,  the  radiation  effect  is 
usually  described  by  the  average  absorbed  dose 
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where  M  -  mass  of  body,  or  that  of  complete  integral  absorbed  dosage 
transmitted  to  body 

E0  =  DM=^  Ddm,  (2.13) 

M 

Pages  38-39. 

A  change  in  electrical,  physical  and  other  parameters  in  the 
radio  engineering  materials,  the  elements/cells  diagrams  depends  not 
only  on  the  absorbed  radiation  dosage,. but  also  on  its  power.  Thus, 
for  instance  conducted  electrical  insulating  materials  it  increases 
with  the  power  increase  of  radiation  dosage  and  does  not  depend 
(within  certain  limits)  on  radiation  dosage. 

* 

Thus,  the  numerical  value  of  the  absorbed  dose  in  any  place  of 
the  field  of  the  ionizing  radiation/emission  (neutron  field, 
gamma-field,  etc.)  will  depend  on  the  form  of  radiation/emission, 
density  of  flow,  spectral  composition  of  radiation/emission  at  the 
point  of  field,  composition  of  substance  and  mass  of  the  irradiated 
object  in  question. 

Consequently,  the  effectiveness  of  the  action  of  this  form  of 
the  ionizing  radiation/emission  is  determined  the  absorbed  radiation 
dosage,  multiplied  by  the  appropriate  coefficients,  which  consider 
the  characteristics  of  radiation  field,  composition  and  the  mass  of 
the  irradiated  object.  Coefficients  the  considering  energy 


conversion,  is  conventionally  designated  as  the  conversion  factors  of 
energy  or  east  factors. 


For  example,  the  coefficient,  which  considers  the  linear 
transformation  of  energy,  is  called  qualitative  factor  (QF).  In  order 
to  obtain  one  and  the  same  scale  for  measuring  the  dose  (for  all 
forms  of  the  ionizing  radiations/emissions),  it  is  necessary  to 
multiply  the  absorbed  dose  by  the  coefficient. 
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Table  2.3.  Relationships/ratios  between  ones  of  power  measurement  of 
the  absorbed  dose. 
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Note.  For  obtaining  the  amounts  of  the  power  of  exposure  doses 
necessary  to  replace  rad  with  roentgens. 


Key:  (1).  Designation.  (2).  Abbreviation.  (3).  wrad/s.  (4).  mrad/s. 
(5).  mrad/min.  (6).  mrad/h.  (7).  rad/s.  (8).  rad/mi n.  (9).  rad/hour. 
(10).  rads/day.  (11).  rads/yr.  (12).  microrad  per  second.  (13). 
millirad  per  second.  (14).  millirad  per  minute.  (15).  millirad  per 
hour.  (16).  rad  per  second.  (17).  rad  per  minute.  (18).  rad  per  hour 
(19).  rad  in  a  24  hour  period.  (20).  rad  per  annum. 
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Table  2.4.  Radiation  is  equivalent  destruction  for  the  silicon 
elements/cells  (on  the  lifetime  of  minority  carriers). 
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1,7-10* 

1  f/M*  (Co-60) 

7- 10“  • 
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110"* 

6- 10-  14 

I 

Key:  (1).  Parameters  of  the  ionizing  radiations/emissions.  (2).  rad. 
(3).  (fission  spectrum),  (4).  MeV. 
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Coefficient,  which  considers  intensity  (energy  density  of  the 
ionizing  radiation/emission,  it  is  possible  to  name/call  beam  factor 
(QJ)-.  The  factor  of  distribution  (DF)  can  be  used  for  the  expression 
of  the  conversion  of  effect  in  the  fabric  (biological  effect)  or  in 
other  substance  as  a  result  of  the  nonuniform  energy  absorption  of 
radiation/emission . 


The  product  of  the  absorbed  dose  to  the  appropriate  factors  is 
called  dose  equivalent  (DE): 


(■ DE)=D(QF)(DF)(QJ ). 


(2.14) 
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By  international  board  for  radiological  units  and  by 
international  board  but  to  radiation  shielding  dose  equivalent  was 
recommended  as  the  value  for  the  calculations  of  radiation  protection 
[4,  5],  It  goes  without  saying,  the  concept  of  dose  equivalent  can  be 
used  also  for  the  numerical  expression  of  radiation  dosage  with  the 
determination  of  the  radiation  durability  of  radio  engineering 
materials,  radioelements  and  electronic  circuits.  In  this  case  only 
will  have  to  consider,  together  with  above  noted  factors,  the  effect 
of  design  features,  modes  of  operation  (factor  of 
construction/design,  the  factor  of  mode/conditions),  etc. 

In  the  radiobiology  for  the  evaluation  of  the  biological  effect 
Oi.  different  forms  and  spectra  of  the  ionizing  radiations/emissions 
the  radiobiological  effectiveness  (OBE)  is  recommended  the  applying 
of  term. 

OBE  depends  on  the  form,  the  density  of  flow,  radiation 
spectrum,  degree  of  biological  damage/defeat,  and  also  on  the  special 
features/peculiarities  of  the  irradiated  organism  or  tissue.  OBE  of 
one  form  of  radiation/emission  with  respect  to  another  is  defined  as 
the  inverse  relation  of  the  absorbed  doses,  which  call  identical 
biological  effect.  At  present  as  the  "specimen  radiation/emission", 
as  a  rule,  they  accept  the  ionizing  radiation/emission  with  the 
average/mean  linear  loss  of  energy  3  keV  in  the  layer  of  the  water 
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with  a  thickness  of  1  yin  [17]. 

As  an  example  Table  2.5  gives  coefficients  OBE  for  some  types  of 
irradiation,  which  call  identical  (on  the  average)  changes  in  the 
status  of  the  health  of  man. 

Page  41. 

As  the  criterion  is  undertaken  the  maximum  permissible  biological 
radiation  dose1,  obtained  during  40  hour  in  the  working  week. 

REM  (rem)  is  the  unit  of  dose  equivalent.  Dose  in  rems  is 
numerically  equal  to  the  dose  in  rad,  multiplied  by  the  appropriate 
factors.  The  term  rem  (63p)  more  frequently  is  applied  in  the  USSR 
instead  of  the  term  of  rem  (peM>. 

Biological  dose  in  rems  (rems)  is  equal  to  the  dose  in  rad, 
multiplied  by  the  value  of  coefficient  OBE  (77). 

Dose  in  rems  (rems)  and  absorbed  dose  in  rad  are  characterized 
by  only  dimensionless  coefficient;  therefore  they  have  identical 
dimensionality.  The  conversion  factors  of  some  units  measurement  into 
others  are  given  in  “fable  2.6. 
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On  the  strength  of  the  fact  that  the  numerical  value  of  the 
absorbed  dose  depends  on  the.  composition  of  the  irradiated  substance, 
it  cannot  without  further  concrete  definition  serve  as  the  measure  of 
a  quantity  of  ionizing  radiation/emission.  Therefore  as  the 
single-valued  characteristics  of  a  quantity  of  ionizing 
radiation/emission  are  accepted  the  units  of  absorbed  energy  by  the 
specially  selected  standard  either  specimen  substances  or  by  model 
media.  These  units  are  called  exposure  doses. 

This  substance  for  the  X-ray  and  gamma-radiation  in  the  USSR 
selected  dry  standard  air,  in  the  USA  -  carbon. 

FOOTNOTE  1 .  Maximum  value  of  biological  radiation  dose, 
established/installed  by  the  appropriate  rules  of  radiation  safety. 


ENDFOOTNOTE . 
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Table  2.5.  Coefficient  OBE  for  chronic  irradiation  [25]. 


Bu A  CaAyqeHH* 

Hoh*3^uhom- 
1  rihje  no  re  pH 

1  sHeprwH, 

K36/MKM, 

TXaHH 

Koei^H- 

UllfHT 

053 

^OPeurreHOOCKoe  h  ra.\iMa-H3jiy4enH(i 

0,2-5 

i 

(SJBeTa-qacTMibi  h  aaeKTpoHbi 

0,5-5 

i 

^rTTeruiOBbie  Heihpcmbi 

5—20 

3 

(i)  Bbicrpue  iieHtpoHbi 

20—60 

10 

("•JllpOTOHbl  H  aAblpa-qaCTHUbl 

20—  200 

10 

(tyMHoro3ap fuuiue  hohu  h  ha  pa  ot- 

150-6000 

20 

Key:  (1).  Form  of  radiation/ emission.  (2).  Ionizing  losses  of  energy, 
keV/ym,  tissue.  (3).  Coefficient.  (4).  X-ray  and  gamma-radiation. 

(5).  Beta  particles  and  electrons.  (6).  Thermal  neutrons.  (7).  Fast 
neutrons.  (8).  Protons  and  alpha  particle.  (9).  Polyvalent  ions  and 
recoil  nucleus. 

Page  42. 

For  the  neutron  radiation/emission  one  should  determine  dose  on  the 
ionization  of  tissue-equivalent  gas.  The  absorbed  dose  of  cosmic 
radiation  is  determined  with  the  aid  of  the  crystal  of  the  sodium 
iodide,  activated  by  thallium. 
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Table  2.6.  Conversion  factors  for  the  calculations  of  doses  in 
different  media. 


(l> 

Ot  eAUHuuhi 
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Key:  (1).  From  one.  (2).  To  one.  (3).  Factor.  (4).  rad.  (5).  J/kg. 
(6).  erg/g.  (7).  eV/g.  (8).  Roentgen.  (9).  (for  air).  (10).  Roentgen 
physical  equivalent  (FER).  (11).  (for  tissue).  (12).  neutrons/cm2 
(E>10  keV) .  (13).  neutrons/cm2.  (14).  rad  (for  tissue).  (15).  Rem 
(rem).  (16).  Quantum  to  square  centimeter  for.  (17).  FER.  (18).  MeV 


DOC  =  83167502 


PAGE 


FOOTNOTE  x.  For  tha  X-ray  ones  and  the  gamma-rays  there  is  a 
following  approximate  linear  relationship/ratio  1  p=1.9*10’/E 
7-quant ./cm1 ,  which  is  correct  with  the  accuracy 

approximately/exemplarily  ±15%  in  the  range  of  energy  of  7-quanta 
from  0.02  to  2  MeV.  ENDFOOTNOTE. 

(19).  Quantum  to  square  meter  for. 

Page  43. 

2.3.  Physical  quantities  of  the  exposure  doses,  used  for  the 
evaluation  of  the  radiation  durability  of  radio-electronic  equipment 
and  its  elements/cells. 

Exposure  dose  is  absorbed  energy  in  the  specimen  substance  or 
the  model  medium,  determined  from  the  concrete/specific/actual 
reaction,  which  occurs  in  this  substance  under  the  influence  of  the 
ionizing  radiation/emission. 

As  the  measured  reaction,  in  essence,  is  applied  the  ionization 
(energy,  transferred  to  electrons  and  positrons).  Therefore  exposure 
doses  are  called  sometimes  ionic  doses. 


At  present  exposure  doses  are  determined  for  the  X-ray  and 
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gamma-,  neutron  and  space  (proton  and  electronic) 
radiations/emissions . 

Exposure  dose  of  X-ray  and  gamma-radiation. 

The  exposure  dose  of  X-ray  and  gamma-radiation  is 
established/installed  for  the  quantitative  estimation  of  X-ray  and 
gamma-radiation.  This  term  differs  from  that  recommended  by 
international  board  for  radiological  units  and  to  the  measurements 
(MKRE)  of  the  term  "exposure",  which  eliminates  the  word  "dose", 
which  is  used  for  the  designation  only  of  one  value  -  the  "absorbed 
dose". 

Air  is  selected  as  the  specimen  substance  during  the 
establishment  of  the  unit  of  exposure  dose,  while  as  the  measured 
reaction  -  ionization.  This  selection  gives  the  possibility  to 
determine  the  amount  of  exposure  dose  and  its  power  in  one  and  the 
same  units,  regardless  of  the  energy  spectrum  of  radiation/emission. 

The  energy,  transferred  by  gamma-quanta  serves  as  this  measure 
to  electrons  and  positrons.  They  consider  that  the  average/mean 
ionization  potential  of  gamma-quanta  in  air  is  constant  in  the  range 
of  energies  from  20  keV  to  3  MeV  and  is  equal  to  34  eV. 
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The  exposure  dose  of  X-ray  and  gamma-radiation  in  the  general 
case  is  not  equal  to  the  absorbed  dose  of  these  radiations/emissions 
since  exposure  dose  determines  the  energy,  transmitted  to  the 
charged/loaded  particles,  but  the  absorbed  dose  -  absorbed  energy  of 
radiation/emission.  Exposure  dose  the  equal  absorbed  dose  on  the 
effect  of  ionization  under  the  conditions  of  electronic  equilibrium 
becomes.  Therefore  the  measurement  of  the  absorbed  dose  in  air  is 
carried  out  under  the  conditions  of  electromagnetic  equilibrium, 
i.e.,  in  free  airspace  at  a  distance  from  other  bodies,  greater  than 
the  landing  run  of  secondary  electrons.  Absorbed  dose  measured  under 
these  conditions  in  air  is  called  exposure  dose  [22]. 


The  exposure  dose  of  X-ray  and  gamma-radiation  X  is  calculated 


from  the  formula 


A  m  ' 


(2.15) 


where  Am  -  mass  of  the  element  of  volume  of  air; 


AQ  -  sum  of  electrical  ion  charges,  which  have 


identical  sign 


and  which  appear  in  air,  when  all  electrons  (negative  electrons  and 
positrons),  freed  with  the  aid  of  the  quanta  of  X-ray  and 
gamma-radiation  in  the  element  of  volume  of  air,  completely  are 

braked. 
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In  AQ  are  not  connected  electrical  ion  charges,  which  appear  as 
a  result  of  ionization  caused  by  the  bremsstrahlung  of  secondary 
electrons . 

The  exposure  dose  of  X-ray  and  gamma-radiation  is  measured  in 
quantities  of  electrical  ion  charge  of  one  sign  per  unit  of  the  mass 
of  air.  One  measurement  establ ished/ installed  coulomb  to  the  kilogram 
(C/kg),  the  dimensionality  kg'ls*A. 

It  is  allowed/ assumed  to  also  measure  the  exposure  dose  in 
widespread  in  the  practice  and  the  theories  the  units  of  roentgens 
(r)  and  respectively  in  the  multiple  or  lobate  units.  The  unit  of  the 
exposure  dose  of  X-ray  and  gamma-radiation  coulomb  per  kilogram,  and 
also  extrasystem  unit  of  roentgens  it  is  possible  to  apply  for  the 
measurements  of  radiations/emissions  with  the  quantum  energy,  not 
exceeding  0.5  p- joules  («3  MeV). 

The  conversion  of  the  values  of  the  exposure  dose  of  X-ray  and 
gamma-radiation  from  the  Roentgens  into  the  coulombs  for  the  kilogram 
is  given  in  Table  2.7. 
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Table  2.7.  Conversion  of  the  values  of  exposure  radiation  dosage  from 
the  Roentgens  into  the  coulombs  for  the  kilogram  (1  p=2 . 57976 • 10 ' 4 
C/kg).  (For  obtaining  the  exposure  radiation  dosage  into  C/kg  of  the 
numbers,  placed  in  the  table,  one  should  multiply  by  10‘4). 
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j  227.019  j 
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237,338 

239,918 

242.497 
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250,237 

1  252.815 

!  1 

255,396 

90 

Note.  Table  can  also  serve  for  the  conversion  of  the  power 
coefficients  of  exposure  dose  of  the  B/s  in  A/kg,  there  as  1 
tf/s=2. 57976*10- 4  A/kg. 


Key:  (1).  Roentgen 
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From  the  comparison  of  the  units  of  roentgen  and  rad  it  follows 
that  for  air  with  electronic  equilibrium  and  exposure  dose  1  the 
absorbed  dose  is  equal  to  0.877  rad. 

The  relationships/ratios  between  the  energy  units,  absorbed  in 
the  unit  of  the  mass  of  air,  and  roentgen  are  given  in  T!able  2.2. 
Sometimes  is  encountered  one  measurement,  called  gram  roentgen.  Gram 
roentgen  -  these  are  the  value  of  absorbed  energy  of 
radiat' on/emission  in  one  gram  of  the  irradiated  substance  under  the 
conditions  of  electronic  equilibrium  in  the  exposure  dose  is  one 
roentgen.  Large  use/application  finds  gram  roentgen  in  the 
measurement  of  tissue  doses  of  organism;  its  numerical  value  proves 
to  be  different  for  the  different  coupling  effects. 

On  the  average  for  the  soft  tissues  with  an  accuracy  to  10%  gram 
roentgen  it  is  possible  to  take  as  equal  to  93  ergs  [22]. 


This  value  is  occasionally  referred  to  as  cloth  roentgen. 
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Power  of  the  exposure  dose  of  X-ray  and  gamma - rad i at  ion . 


The  power  of  the  exposure  dose  of  X-ray  and  gamma-radiation 
(according  to  recommendation  MKRE  -  "power  of  exposure")  is 
determined  from  the  expression 


A,Y 


IP  = 

1  T  4/ 

where  f3-,  —  power  of  exposure  dose; 


2.16) 


AX  -  increase  in  the  exposure  dose  for  the  time  At. 


The  power  of  exposure  dose  can  be  also  determined  through  the 
intensity  of  radiation/emission  according  to  the  formula 

Em 

P  =  f  Jd H  ,  (2.17) 

1  J  p  T 

u 

where  /Vf„/p  —  mass  conversion  factor  of  energy  for  the  gamma-quanta 
with  energy  in  air; 

JdE T—  intensity  of  the  region  of  the  spectrum  of  that  falling 
from  the  torching  with  the  energies  of  gamma-quanta  from  ^  to  E,-\-dE 
or 

P  =  *LLyi 
f  ? 

where  -*7k/p-*  average  mass  conversion  factor  of  energy  for  air; 


J  -  the  total  intensity  of  radiation/emission. 
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One  power  measurement  of  exposure  dose  is  ampere  per  kilogram 
(A/kg)  or  coulomb  per  second  to  the  kilogram  (C/s* kg  =  A*s/s*kg). 
Roentgen  per  unit  time  (S/s,  j?/min,  S/h,  etc.)  is  the  special  unit  of 
power  of  exposure  dose.  The  conversion  factors  between  different 
amounts  of  the  power  of  exposure  doses,  expressed  in  the  lobate 
values  of  roentgen  and  referred  to  different  units  of  time,  are  given 
in  “table  2.3. 

The  conversion  of  the  power  coefficients  of  the  exposure  dose  of 
ones  of  measurements  R/s  in  units  A/kg  can  be  produced  with  the  aid 
of  the  coefficients,  given  in  "table  2.7. 

Exposure  dose  of  neutron  radiation/emission  [20,  23,  26], 

The  neutron  sources  and  field  of  neutron  radiation/emission  are 
characterized  by  the  neutron  flux  density  and  by  their  energy 
spectnun,  which  undoubtedly  is  very  complicated  with  the  use  in  the 
practice.  Therefore  it  is  expedient  to  introduce  the  concept  of  the 
exposure  dose  of  neutron  radiat ion/emiss ion  (analogous  to  concept 
e xposure ( dose  of  X-ray  and  gamma-radiation),  intended  for  the 
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characteristic  of  neutron  fields,  and  also  the  concept  of  the 
characteristic  of  neutron  yield  from  different  radiation  sources. 

As  the  model  medium  for  the  neutrons  is  recommended  the 
accepting  of  "tissue-equivalent  gas",  i.e.,  such  mixture  of  gases, 
which  in  percentage  (weight)  content  of  hydrogen  and  nitrogen  is 
analogous  to  their  content  in  the  soft  tissue  of  man.  The  composition 
of  tissue-equivalent  gas  in  the  percentages  of  partial  pressures  is 
the  following:  methane  -  64.4%,  carbon  dioxide  -  32.5%,  nitrogen  - 
3.1%. 


In  accordance  with  the  international  measuring  system  one  should 
as  the  unit  of  the  exposure  dose  of  neutron  radiation/emission  apply 
unit  ned  (neutron  unit  of  dose)  [23]. 

Page  048. 

Ned  -  exposure  dose  of  neutron  radiation/emission,  in  which  to  the 
kilogram  of  tissue-equivalent  gas  are  formed  in  this  gas  the  ions, 
which  carry  charge  into  one  coulomb  of  the  electricity  of  each  sign: 

1  ned  =  1  C/kg. 

Unit  ned  can  be  used  in  the  measurement  of  the  doses  of  neutron 
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radiation/emission,  created  by  neutrons  with  the  energies  from  0.2  to 
20  MeV,  where  by  the  basic  process  of  interaction  of  neutrons  with 
the  atoms  of  tissue-equivalent  substance  are  elastic  collisions,  and 
also  to  a  certain  extent  in  the  measurement  of  the  doses  of  thermal 
neutrons. 

Power  of  the  exposure  dose  of  neutron  radiation/emission. 

The  power  of  the  exposure  dose  of  neutron  radiation/emission  is 
defined  as  the  exposure  dose  of  neutron  radiation/emission  per  unit 
time.  One  power  measurement  is  weeks  per  second  or  ampere  per  the 
kilogram: 


1  ned/s  =  1  A/kg. 

Exposure  dose  of  cosmic  radiation. 

The  characteristic  of  outer  space  on  the  radiation  field  (or 
dose  field)  it  is  accepted  to  produce  according  to  the  exposure  dose 
and  the  power  of  the  exposure  dose  of  proton  and  electronic 
radiation/emission. 

The  crystal  of  sodium  iodide,  activated  by  thallium  (NaJ,  T1 ) , 
is  selected  as  the  specimen  substance  for  determining  the  exposure 
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dose  of  protons  and  electrons.  In  the  process  of  action  of  protons 
and  electrons  in  crystal  NAJ,  with  the  diameter  of  20  mm  and  by  the 
height/altitude  of  20  mm,  arranged/located  under  the  protection  1 
g/cm2  (10  kg/m2)  of  aluminum,  is  measured  the  luminescence 
efficiency. 

The  determination  of  absorbed  energy  is  conducted  via  comparison 
reading/indication  on  the  luminescence  efficiency  under  the  influence 
on  the  standard  crystal  NaJ  of  the  space  ionizing  radiation/emission 
with  the  data,  obtained  under  laboratory  conditions  (graphic 
dependences),  on  the  luminescence  efficiency  depending  on  absorbed 
energy  of  the  calibrated  flows  of  protons  and  electrons. 

Page  049. 


This  method  gives  the  possibility  to  measure  the  exposure  dose 
of  proton  and  electronic  radiations/emissions  with  an  accuracy  to 
several  percentages  over  a  wide  range  of  energy  for  the  protons  from 
20  to  800  MeV,  for  the  electrons  from  several  ki loelectronvolts  to 
several  mega-electron-volts. 

In  the  measurement  of  the  exposure  radiation  dosage  of  electrons 
with  energy  less  than  0.1  MeV,  the  disagreements  can  be  to  the  side 
of  overestimate  2-5  times.  The  latter  is  explained  by  the  fact  that 
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the  isotropy  of  the  angular  separation  of  electrons  increases  in 
proportion  to  the  decrease  of  energy. 

Unit  of  the  measurement  of  the  exposure  dose  of  cosmic  radiation 
is  rad,  equal  to  absorbed  energy  1*10' 5  J  (or  100  ergs)  in  1  g 
( 1  •  1 0  “ 3  kg)  of  the  crystal  of  the  sodium  iodide,  activated  by 
thallium. 

Power  of  the  exposure  dose  of  cosmic  radiation. 

Power  of  the  exposure  dose  of  cosmic  radiation  -  exposure  dose 
per  unit  time.  As  the  units  of  power  of  exposure  doses  for  practical 
purposes  rad  are  accepted  in  hour  (rad/hour),  rad  in  a  24  hour  period 
(rads/day)  and  rad  per  annum  (rads/yr.).  The  units  of  power  rad  in  a 
24  hour  period  and  rad  per  annum  are  called  also  respectively  daily 
dose  and  annual  dose. 

Kerma  and  power  of  kerma. 

These  units  the  measurement  of  the  ionizing  radiations/emissions 
are  recommended  by  international  board  for  the  radiological  units  and 
to  measurements  (MKRE)  into  1962  and  are  intended  for  the 
characteristic  of  indirect  ionizing  radiation/emission  [4,  5].  The 
proposed  designation  "kerma"  (kerma)  is  composed  of  the  initial 
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letters  of  the  words  Kinetic  energy  released  in  material  (kinetic 
energy,  freed  in  the  material). 


Terms  "kerma’'  and  "power  of  kerma"  in  the  USSR  are  not  accepted. 
Kerma  K  indicates  kinetic  energy  of  the  directly  ionizing  particles, 
created  in  the  material  with  the  indirectly  ionizing  particles,  and 


can  be  calculated  according  to  the  formula 


(2.18) 


where  A £,«  —  sum  of  initial  kinetic  energies  with  all  of  the 
charged/loaded  particles,  created  with  the  indirectly  ionizing 
particles  in  certain  element  of  volume  of  special  (specimen)  material 
(medium); 


Am  -  mass  of  the  volume  of  material  (medium)  in  question. 


Page  050. 


On  the  basis  of  the  definition,  the  kerma  is  proportional  to  the 
energy  flow  of  particles  (F)  and  to  the  mass  conversion  factor  of 
energy  (.Vf, (/(>),  and  consequently: 


K^--F 


In  formula  (2.18)  value  Am  must  be,  on  one  hand,  so  small  that  its 
introduction  would  not  introduce  noticeable  disturbance/breakdown  to 
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the  region  of  radiation/emission;  on  the  other  hand,  volume  must  be 
sufficient  so  that  the  necessary  number  of  interactions  would  occur 
in  it. 

In  contrast  to  the  exposure  dose  of  X-ray  and  gamma- radiation 
the  kerma  encompasses  the  ionization,  caused  by  the  braking  electron 
emission  and  positrons. 

The  bremsstrahlung  in  air  can  be  disregarded/neglected  for  the 
energies  of  gamma-quanta  to  10  MeV.  Then  kerma  in  the  steady 
equilibrium  of  the  charged/loaded  particles  is  equal  to  the  absorbed 
dose  of  gamma-radiation  in  air. 

The  determination  of  the  value  of  kerma  for  the  neutron  fluxes 
on  the  basis  of  ionizing  measurements  (at  equilibrium  of  the 
charged/loaded  particles)  in  tissue-equivalent  gas  will  coincide  with 
the  absorbed  neutron  dose.  In  the  absence  of  the  equilibrium  of  the 
charged/loaded  particles  the  kerma  will  always  be  less  than  the 
absorbed  dose. 

To  the  flows  of  gamma-quanta  and  neutrons,  whose  energy  is  more 
than  examined,  can  occur  the  transient  equilibrium  of  the 
charged/loaded  particles.  In  this  case  the  kerma  is  considerably  less 
than  the  absorbed  dose. 
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For  example,  during  interaction  of  gamma-quanta  with  the  energy 
25-100  MeV  with  air  the  electrons  formed  in  air  have  this  high 
initial  kinetic  energy,  that  the  created  by  them  bremsstrahlung 
partially  exceeds  the  limits  of  the  volume,^  which  is  made  its 
measurement.  Consequently,  the  measured  values  of  ionizing  current 
arid  the  measured  value  of  kerma  will  be  understated.  As  one  the 
measurement  of  kerma  is  proposed  the  joule  to  the  kilogram  (J/kg)  or 
in  the  system  CGS  of  ergs  to  the  gram  (erg/g). 

The  power  of  kerma  -  ratio  AK/At,  where  AK  -  increase  in  the 
kerma  for  the  time  At. 

By  one  power  measurement  of  kerma  is  proposed  joule  per  second 
to  kilogram  (J/s-kg)  or  watt  to  the  kilogram  (W/kg);  in  the  system 
CGS  -  erg  per  second  to  gram  (erg/s*g). 

2.4.  Induced  radioactivity  in  the  materials  and  the  elements/cells 
and  the  units  of  radioactivity. 

Radioactivity  of  substance. 
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Radioactivity  is  the  ability  of  some  atomic  nuclei  spontaneously 
to  decompose  with  the  emission  of  a-particles,  positrons,  electrons 
and  atomic  nuclei. 

There  are  following  types  of  radioactivity:  beta-radioactivity, 
electronic  capture,  alpha-radioactivity,  spontaneous  fission  and 
nuclear  isomerism. 

Beta-  radioactivity  is  determined  by  escape  from  the  atomic 
nucleus  of  electrons  or  positrons.  Electron  capture  by  nucleus  can 
occur  in  beta-unstable  atoms,  i.e.,  occurs  the  so-called  process  of 
electronic  capture,  also,  therefore  the  conversion  of  atom  into 
isobars  with  the  charge  less  by  one.  Beta-radioactivity  and 
electronic  capture  are  frequently  accompanied  by  the  emission  of 
7-quanta  or  internal  conversion  electrons.  The  energy,  which  is 
freed/released  during  the  radioactive  conversions  of  /3-isotopes, 
reaches  several  mega-electron-volts. 

Alpha-radioactivity  is  accompanied  by  the  emission  of  the  nuclei 
of  helium  (a-part icles )  with  the  energy  from  4  to  7  MeV. 


Page  052. 
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During  the  spontaneous  fission  the  nuclear  decomposition  of  atom  to 
two  fragments  with  the  average  mass  number  occurs;  this 
decomposition/decay  is  accompanied  by  the  emission  of  two-three 
neutrons,  electrons,  and  also  it  can  be  accompanied  by  the  emission 
of  a-particles .  The  fragments,  which  appear  during  the  division, 
contain  neutron  excess  and  are  subjected  to  train  of  electronic  (/?') 
decomposition/decays.  The  elements/cells,  which  are  formed  as  a 
result  of  these  (/3')  decomposing,  can  emit  neutrons 
approximately/ exemplar ily  during  1  min  after  division.  The  energy, 
isolated  during  the  spontaneous  fission,  can  reach  order  160  MeV. 

With  the  nuclear  isomerism  occur  the  nuclear  conversions,  as  a 
result  of  which  the  atomic  nucleus,  which  is  found  in  the  excited 
metas^able  state,  converts/transfers  to  another,  intermediate  or 
basis,  level.  The  emission  of  quantum  or  internal  conversion  electron 
occurs  as  a  result  of  this  process,  and  nucleus  converts/transf ers 
into  another  energy  state,  but  in  this  case  the  numerical  values  of 
the  magnitude  of  the  charge  and  mass  number  of  atomic  nucleus  do  not 
change. 

The  radioactivity  of  substance  can  be  natural  and  artificial 


( induced) . 
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In  the  practice  of  the  operation  of  radio-electronic  equipment 
they  usually  deal  concerning  induced  radioactivity,  besides  the 
cases,  when  in  the  construction/design  of  radioelements  and  diagrams 
are  used  the  radioisotopes  of  natural  or  obtained  artificially 
elements/cells . 

Induced  radioactivity  arises  from;  radioactive  contamination  or 
as  a  result  of  the  emergence  of  radioactive  isotopes  during 
irradiation  of  the  materials  of  radio-electronic  equipment  and  its 
completing  elements/cells  by  the  ionizing  radiations/emissions. 

Radioactive  contamination  occurs  during  the  nucloar  explosions 
and  during  the  operation  of  equipment  near  the  radioactive  radiation 
sources  (near  nuclear  reactors  and  with  the  works  with  the 
radioactive  isotopes During  the  nuclear  explosions  the  radioactive 
contamination  occurs  as  a  result  of  precipitation  of  the  fission 
products  and  unreacting  part  of  nuclear  fuel,  and  also  as  a  result  of 
precipitation  of  the  radioactive  isotopes,  which  appear  during 
irradiation  by  the  neutron  fluxes  of  the  materials  of  the 
construction/design  of  A-bomb,  soil  and  other  substances  of  different 
objects,  which  are  located  in  the  zone  of  action  of  nuclear 
explosion.  The  contamination  of  equipment  can  be,  also,  in  the  area 
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of  the  motion  of  radioactive  cloud. 


Page  053. 


With  the  work  near  the  radioactive  sources  the  contamination  of 
equipment  occurs  due  to  the  isolation/liberation  by  these  sources  of 
gaseous  ones,  etc.  of  radioactive  products.  For  the  preservation  from 
the  radioactive  contamination,  which  is  formed  as  a  result  of 
precipitation  on  the  equipment  of  radioactive  products,  the 
decontamination  (deactivation/decontamination)'  is  produced  by  the 
mechanical  removal  of  radioactive  materials  from  the  infected 
objects. 


Induced  radioactivity  in  the  materials  of  equipment  and  its 
structural  elements/cells  appears  as  a  result  of  changing  the  atomic 
nuclei  of  these  materials  under  the  influence  on  them,  in  essence, 
the  neutron  fluxes,  and  also  other  forms  of  the  ionizing 
radiations/emissions.  Especially  large  induced  radioactivity  is 
characteristic  for  the  electro-radio  parts,  which  consist  of  the 
elements/cells  of  the  second  part  of  the  Mendel^v  Periodic  Table. 
Thus,  for  instance,  cermet  lamps  two  weeks  after  removal/distance 
from  the  reactor,  where  they  were  irradiated  by  neutron  flux  10 23 
n/m1,  possessed  residual/remanent  radioactivity  with  a  power  of  the 
exposure  dose  of  gamma-radiation  of  more  than  100  r/h  (27]. 


m." 
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By  the  basic  forms  of  the  artificial  ionizing 
radiations/emissions,  emitted  by  materials  and  elements/cells,  used 
in  the  radio-electronic  equipment,  after  their  irradiation  are  beta-, 
gamma-  and  alpha  radiation. 

As  ones,  which  characterize  radioactive  decay  of  the  nuclei  of 
substance,  are  accepted:  the  activity  of  isotope  in  the  radioactive 
source,  radioactive  decay  constant,  half-life  period,  specific 
activity  of  radioactive  material  and  concentration  of  radioactive 
materials  in  certain  medium  (air,  water,  etc.).  The  output  of 
particles  (quanta)  and  th  .•  source  power  of  radiation/emission  are  the 
basic  physical  values,  wnich  characterize  the  sources  of  the  ionizing 
radiat ions/emiss ions . 

The  activity  of  isotope  in  the  radioactive  source  (activity  of 
nuclide)  is  the  GOST-standardized  unit  (according  to  GOST  8848-63), 
which  characterizes  radioactive  decay. 

Activity  of  isotope  in  a  radioactive  source. 


Page  054. 
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The  activity  of  isotope  in  the  radioactive  source  (or  is  simple 
activity  -  the  expression  most  frequently  used  in  the  practice) 
characterizes  the  general/common/total  property  of  radioactive 
materials  (natural  and  artificial)  -  the  ability  spontaneously  to 

decompose . 

The  activity  (A)  of  a  quantity  of  radioactive  isotopes  exists 
quotient,  obtained  during  the  division  AN  on  At: 


where  AN  -  number  of  nuclear  conversions,  which  occurs  in  this 
quantity  of  substance  for  the  delay  time  At. 

As  the  unit  of  activity  GOST  8848-63  is  establ ished/ installed 
the  unit  of  the  system  of  SI  -  one  decomposition/decay  in  one  second 
(decay/s).  Dimensionality  of  the  unit  of  activity  s'*  (1/s).  The 
use/application  of  an  extrasystemi c  unit  (curie)  is  allowed/assumed 
also.  Curie  -  this  is  the  activity  of  the  preparation  of  this 
isotope,  in  which  in  one  second  it  occurs  3.700*1010  the 
reports/events  of  decomposition/decay. 

Furthermore,  is  encountered  tne  unit  of  activity  -  rutherford, 
which  was  not  acknowledged  international; 


1  rutherford 
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The  relationship/ratio  between  the  units  of  the  activity  of 
isotope  in  the  radioactive  source  is  given  in  Table  2.8.  The 
conversions  of  the  values  of  activity  from  the  curie  into  the 
decomposition/decay  per  second  are  given  in  Table  2.9. 

Radium  gamma-equivalent. 

For  the  comparison  of  the  radioactive  preparations,  which  give 
gamma-radiation,  the  value,  called  the  radium  gamma-equivalent  of 
preparation,  is  applied. 

The  comparison  of  radioactive  preparations  is  conducted 
according  to  the  dose  rate,  which  they  can  create  under  one  and  the 
same  conditions.  For  the  standard,  on  which  are  estimated  all 
remaining  preparations,  is  accepted  one  milligram  of  the  element/cell 
of  radium.  With  its  aid  is  established/installed  the  unit  of  radium 
gamma-equivalent.  This  unit  is  called  the  mill iequivalent  of  radium 
and  is  designated  by  mg-equiv.  of  radium  or  mg-eg  Ra. 


The  milliequivalent  of  radium  exists  "...  gamma-equivalent  of 
the  radioactive  preparation,  whose  gamma- radiation  during  this 
filtration,  under  the  identical  conditions  for  measurement  creates 
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Table  2.9.  Conversion  of  the  values  of  the  activity  of  radioactive 
preparations  from  ones  curie  in  the  units  of  SI  (decomposition/decay 
per  second)  of  1  curie  ■  3.700*101#  s*1.  (For  obtaining  the  activity 
in  the  decomposition/decays  per  second  of  the  numbers,  placed  in  the 


table,  one  should  multiply  by  101*). 
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assumed  to  be  point. 

Consequently,  transition  from  the  activity  of  preparation  A 
(mCi)  to  activity  Ana  (mg-equiv.  of  radium)  can  be  realized  according 
to  the  formula 

(2.20) 

where  /Ct  —  power  of  the  exposure  dose  of  X-ray  and 
gamma-radiations/emissions  of  this  isotope  (P/h)  at  distance  1  cm 
from  point  source  by  activity  1  mCi  (under  the  condition  of  the 
absence  of  radiation  absorption). 

Value  /ct  is  called  the  complete  gamma-constant  (ionine  constant) 
of  radioactive  isotope  and  is  the  sum  of  differential  gamma-constants 
(relating  to  the  specific  monoenergetic  lines  of  the  gamma-spectrum 
of  isotope ) . 

For  measuring  the  radioactivity  of  the  element/cell,  which 
radiates  simultaneously  gamma-rays,  alpha-  and  beta  particle,  is 
accepted  the  unit  of  the  activity  of  radon  (or  radon),  which  is  the 
radioactivity  of  radon,  which  is  found  in  the  radioactive  equilibrium 
with  one  gram  of  radium. 

Radioactive  decay  constant. 
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The  value,  equal  to  the  portion  of  the  radioactive  atoms,  which 
decompose  1  s  (more  precise  -  the  disintegration  probability  of  atom 
for  the  unit  of  time)  is  called  radioactive  decay  constant 
(disintegration  constant).  If  N,  -  a  number  of  atoms  of  certain 
radioactive  material  into  zero  time,  and  -  a  number  of  atoms,  which 
remained  up  to  the  moment/torque  of  time  t,  then 


N  =  Ntt*tr. 


(2.21) 


Pages  058  and  059. 


Differentiating  equation  (2.21)  on  the  time,  we  obtain 


or  A»-XN  and  -\*A/N  i.e.  disintegration  constant  X  is  equal  to  the 
activity  A,  divided  into  a  number  of  radioactive  atoms. 


Half-life  period. 


The  period  of  half-life  T  is  called  the  time,  during  which  on 
the  average  decomposes  half  of  all  atoms  of  this  radioactive 
material. 


Substituting  the  value  2N*N,  in  the  equation  of 
decomposition/decay  (2.21),  we  obtain 


2 
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The  periods  of  the  half-lives  of  different  known  isotopes  are 
within  the  limits  from  10' 7  s  to  10 11  years. 

Concentration  of  radioactive  materials. 

The  activity  of  the  medium,  which  contains  radioactive 
materials,  is  measured  by  the  units  of  the  concentration  of 
radioactive  materials  in  this  medium.  The  units  of  activity,  in 
reference  to  the  unit  volumes  of  medium,  are  the  units  of 
concentration.  Such  units  they  can  be:  curie  to  the  cubic  meter 
(curie/mJ),  the  curie  to  a  liter  (Curie/1),  a  number  of 
decomposition/decays  to  a  cubic  meter  (m- 1 ) ,  a  number  of 
decomposition/decays  to  the  cubic  centimeter  (cm-3),  etc. 

As  the  concentration  of  radon  (radon)  are  applied  special  units 
eman  and  by  Mache  (Mache ' s . unit) . 

1  eman-1’10'1*  Curie/l-l*10~ 7  Curie/m3*3 . 67x10 3  decay/s •m3=3 . 67 
decay/s* 1. 

One  unit  of  Mache  is  the  thousandth  part  of  the  ionizing 
current,  measured  in  the  units  of  cgs  esa,  which  is  created  in  1 
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liter  by  the  alpha— radiation  of  emanium  with  poly-ohm  the  use  of  a 
landing  run  of  the  alpha  particles: 

1  Mache  *  3.64  eman  =  3.64*10* 7  curie/m3. 

Strictly  speaking,  the  unit  of  Mache  is  not  quantitative  unit, 
although  as  the  same  it  frequently  is  utilized. 

Concentration  also  is  measured  in  units  stat  per  unit  volume.  1 
stat  -  quantity  of  emanium,  which  with  the  complete  expenditure  of 
energy  of  radiation/emission  for  the  ionization  of  air  creates 
(/saturation  current  in  1  unit  cgs  esu  per  second. 

1  cgs  esu=l/3»10’  A,  means  1  stat  will  create  the  current,  equal 
to  approximately/exemplar ily  3.3*10"x#  A. 
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Table  2.10.  Relationships/ratios  between  the  units  of  concentrations 


( rounded  values ) . 
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Key:  (1).  Designation.  (2).  Abbreviation.  (3).  curie/m1.  (4). 

Curi  e/i.  (5).  decay/mJ*s.  (6).  decay/t*s.  (7).  stat/m3.  (8).  stat/|. 
(9).  eman  (in  1  t).  (10).  Mache  (in  1  i) .  (11).  Curie  to  cubic  meter 
(12).  Curie  to  liter.  (13).  Decomposition/decay  to  cubic  meter.  (14) 
Decomposition/decay  to  liter.  (15).  stat  to  cubic  meter.  (16).  stat 
to  liter.  (17).  Eman  (in  1  liter).  (18).  eman.  (19).  Unit  of  Mache 
(in  1  liter).  (20).  Mache. 
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Table  2.11.  Units  of  the  ionizing  radiations/emissions  and 
radioactivity  in  the  international  system  of  the  units  of  SI 
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Note.  The  extrasystemic  units  the  measurement  of  rad,  rad  per 
second,  roentgen  per  second  and  curie  are  allowed/assumed  to  the 
use/application  in  the  USSR  (GOST  8848-63);  unit  ned,  ned  per  second, 
rad  and  rad  per  second  of  cosmic  radiation  in  the  recommendations 
MKRE  and  GOST  8848-63  are  absent. 

Key;  (1).  Designation  of  value.  (2).  Designations.  One 

measurement.  (4).  Abbreviations.  (5).  by  Russian  let  *=.  (6).  by 
Latin  letters.  (7).  Dimensions  of  units.  (8).  Dimensionality  of 
units.  (9).  Flow  of  ionizing  particles  or  quanta.  (10).  Particle 
(quantum)  1  to  square  meter. 

FOOTNOTE  l.  They  include;  the  a-particle,  /3-particle,  neutron, 
proton,  the  7-quanta  of  X-ray  and  gamma-radiation.  ENDFOOTNOTE. 

(11).  part./m2.  (12).  (1  particle)/(l  m2).  (13).  Density  of  flow  of 
ionizing  particles  or  quanta.  (14).  Particle  (quantum)  per  second  to 
square  meter.  (15).  part./s*m2.  (16).  (1  particle)/(l  s)*(l  m2). 

(17).  m'2*s*1.  (18).  Kinetic  energy  of  ionizing  particles  or  quanta. 
(19).  Joule.  (20).  J.  (21).  (1  n)  •  (1  m) .  (22).  m2*k.g*s-2.  (23). 

Energy  flow  of  particles  (quanta).  (24).  Joule  to  square  meter.  (25). 
J/m2.  (26).  (1  J) ; (1  m2).  (27).  kg-s'2.  (28).  Intensity  of 
radiation/emission  (energy  current  density).  (29).  Watts  to  square 
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meter.  (30).  W/m2.  (31).  (1  W):(  1  m2).  (32).  Transmitted  energy 
(integral  absorbed  dose).  (33).  Absorbed  radiation  dosage  (radiation 
dosage).  (34).  Joule  to  kilogram;  rad.  (35).  J/kg;  rad.  (36).  (1 
J):(l  kg);  rad.  (37).  m2*s'2;  rad.  (38).  Power  of  absorbed  radiation 
dosage  (radiation  dose  rate).  (39).  Watts  to  kilogram;  rad  per 
second.  (40).  W/kg;  rad/s.  (41).  (1  W):(l  kg);  (1  rad):(l  s).  (42). 
m2*s'2;  rad*s'2.  (43).  Exposure  dose  of  X-ray  and  gamma-radiation  2. 

FOOTNOTE  2.  The  unit  of  the  exposure  dose  of  X-ray  and 
gamma-radiation  coulomo  per  kilogram,  and  also  extrasystemic  unit  of 
roentgens  can  be  applied  for  the  measurements  of  radiations/emissions 
with  the  quantum  energy,  which  does  not  exceed  0.5  nJ  (0.5*10' 12  J  or 
approximately  3  MeV) .  ENDFOOTNOTE. 

(44).  Coulomb  to  kilogram  of  air,  roentgens.  (45).  C/kg;  r.  (46).  (1 
k):(l  kg);  (1  r) .  (47).  kg'1  s*A;  r.  (48).  Power  of  exposure  dose  of 
X-ray  and  gamma-radiation  J.  (49).  Amperes  per  kilogram  of  air, 
roentgens  per  second.  (50).  A/kg;  6/s.  (51).  (1  A):(l  kg);  (1  R):(l 
s)  .  (52).  kg'1*A;  R*s_1.  (53).  Exposure  dose  of  neutron 
radiation/emission  2. 

FOOTNOTE  5.  Ned  (neutron  unit  of  dose)  it  is  recommended  to  apply  for 
the  measurements  of  radiations/emissions  with  the  neutron  energy  from 
0.2  to  20  MeV  and  the  thermal  neutrons  (GOST  8848-63  unit  is  not 
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determined) .  ENDFOOTNOTE. 

(54).  Weeks  (coulomb  to  kilogram  of  tissue-equivalent  material.  (55). 

ned;  (C/kg).  (56).  (ned);  (1  k):(l  kg).  (57).  ned;  kg'1  s*A.  (58). 

Power  of  exposure  dose  of  neutron  radiation/emission  J.  (59).  Weeks 

per  second  (ampere  per  kilogram  of  tissue-equivalent  material).  (60). 

aj-^A 

ned/s;  (A/kg).  (61).  (1  woeilcs ) : ( 1  s);  (1  A):(l  kg).  (62).  ned^s*1; 
kg'1* A.  (63).  Exposure  dose  of  cosmic  radiation  *. 

FOOTNOTE  4.  Rad  of  cosmic  radiation  (rad)  -  the  exposure  dose  of 
cosmic  radiation  (electrons  and  protons),  which  is  equal  to  absorbed 
energy  1*10* 5  J  (or  100  ergs)  in  1  gram  (1*10'*  kg)  of  the  crystal  of 
the  sodium  iodide,  activated  by  thallium.  ENDFOOTNOTE. 

(64).  rad.  (65).  Power  of  exposure  dose  of  cosmic  radiation.  (66). 
rad  per  second.  (67).  rad/s.  (68).  (1  rad):  (1  s).  (69).  rad^s*1. 
(70).  Activity  of  isotope  in  radioactive  source.  (71). 
Decomposition/decay  per  second;  curie.  (72).  1/s;  curie.  (73).  (1 
decomposition/decay) : (1  s);  (3. 7 *10 10  decomposition/decay) : (1  s). 
(74).  s'1;  curie. 

1  stat=3 . 64  •  10 ' 7  curie,  while  to  1  Mache  =3.64*10*'’  curie/m5, 
therefore,  1  unit  of  Mache  is  solution/opening  concentration,  with 
which  in  each  cubic  meter  of  liquid  or  gas  is  located  unit  stat  of 
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the  emanium: 

1  Mache  *  stat/m1. 

Table  2.10  gives  the  relationships/ratios  between  the  units  of 
concent rat  ions . 

Output  of  particles  (quanta)  and  the  source  power  of 
radiation/emission. 

For  the  quantitative  characteristic  of  the  sources  of  the 
ionizing  radiat ions /emissions  frequently  is  applied  value  -  output  of 
elementary  particles  or  quanta.  Sometimes  they  call  also  it  the 
velocity  of  the  emission  of  the  elementary  particles  (quanta)  or 
source  intensity. 


Page  063. 


This  value  designates  a  number  of  elementary  particles  or  quanta  of 
this  form,  emitted  by  source  beyond  its  limits  per  unit  time,  and  can 


be  determined  from  the  expression 


(2.23) 


where  n  -  output  of  elementary  particles  or  quanta; 
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/V,  —  number  of  particles  of  this  form,  emitted  by  source  for  the 
time  At. 

As  one  output  measurement  of  particles  or  quanta  is  accepted  a 
number  of  particles  per  unit  time,  namely:  neutron  per  second  (n/s), 
proton  per  second  (^/s),  electron  per  second  (e/s),  gamma -quant um  per 
second  (7/s),  or  neutron  per  minute  (n/min),  neutron  per  hour  (n/h), 
etc.  If  these  values  fall  per  unit  of  solid  angle,  then  unit  of 
measurement  will  be  a  number  of  particles  per  unit  time  to  the 
steradian,  for  example,  gamma-quantum  per  second  to  steradian 
(7/s*sr). 

The  sources  of  the  ionizing  radiations/emissions  are  also 
characterized  sometimes  by  the  specific  output  of  particles  (quanta), 
by  which  is  understood  the  ratio  of  a  number  of  this  type  of  the 
particles  (quanta),  emitted  by  source,  to  the  activity  of  isotope  in 
the  radioactive  source  (for  the  radioactive  sources)  or  to  the 
current  of  the  charged/loaded  particles,  emitted  to  the  target  (for 
the  accelerators). 
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Table  2.12.  Units  of  the  ionizing  radiations/emissions  (in  the  system 
CGS,  extrasystemic  or  special). 
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Key:  (1).  nation  of  value.  (2).  In  system  CGS.  (3).  One 

measureme'i .  .  Abbreviations.  (5).  by  Russian  letters.  (6).  by 

Latin  letters.  (7).  Relationships/ratios  with  SI  units.  (8).  No  key 
(9).  Extrasystemic  or  special.  (10).  Flow  of  ionizing  particles  or 
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quanta.  (11).  Particle  (quantum)  to  square  centimeter.  (12). 
part. /cm1.  (13).  (only  for  neutron  flux).  (14).  Density  of  flow  of 
ionizing  particles  or  quanta.  (15).  Particle  (quantum)  per  second  to 
square,  centimeter .  (16).  part./s-cm1.  (17).  1  cm' 1  •  s '  X  =  1  •  10  4  m'**s'1. 

(18) .  (only  for  neutron  flux  density).  (18a).  1  nv-1,-101  m'*-s'x. 

(19) .  Kinetic  energy  of  ionizing  particles  or  quanta.  (20).  Ergs. 
(21).  1  3rg=l • 10  * 7  J.  (22).  Electron  volt.  (23).  eV.  (24).  1  eV 
=1.6-10*x*  J.  (25).  Energy  flow  of  particles  or  quanta.  (26).  Ergs  to 
square  centimeter.  (27).  erg/cm1.  (28).  1  erg-cnr  a=l»10' 1  J-nr1. 

(29).  Electron  volt  to  square  centimeter.  (30).  eV/cm1.  (31).  1 
eV-cm*  l3=1.6*10' 1  *  J-nr1.  (32).  Intensity  of  radiation/emission 
(energy  current  density).  (33).  Ergs  per  second  to  square  centimeter. 
(34).  erg/s*cm2.  (35).  1  erg-cm' 1 *s" X»1 • 10' 1  W-m*1.  (36).  Electron 
volt  per  second  to  square  centimeter.  (37).  eV/s-cm1.  (38).  1 
eV-cm' 1=1.6*10‘ 1  *  J-m'1.  (39).  No  key.  (40).  Transmitted  energy 
(integral  absorbed  dose).  (41).  Gram  rad.  (42).  g*rad.  (43).  1 
g*rad=10'*  J.  (44).  Absorbed  radiation  dosage  (radiation  dosage). 
(45).  Ergs  to  gram.  (46).  erg/g.  (47).  1  erg-g' X=1 *10' 4  J-kg'x.  (48). 
rad.  (49).  1  rad*l-10'x  J-kg"1.  (50).  Power  of  absorbed  radiation 
dosage  (radiation  dose  rate).  (51).  Ergs  per  second  to  gram.  (52). 
erg/s*g.  (53).  1  erg*g' 1 -s * X  =  1 • 10 ’ 4  W-kg_1.  (54).  rad  per  second. 
(55).  rad/s.  (56).  1  rad*s' l*l • 10 * 1  W-kg*1.  (57).  Exposure  dose  of 
X-ray  and  gamma-radiation.  (58).  Unit  charge  cgs  esu  to  gram.  (59). 
g.  (60).  «g-  1-l/3-10' 1  C-kg'1.  (61).  Roentgen.  (62).  r.  (63).  1 
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R=2.58‘10'*  C*kg‘l.  (64).  Power  of  exposure  dose  of  X-ray  and 
gamma-radiation.  (65).  Unit  charge  cgs  esu  per  second  to  gram 
(abstatampere  to  gram).  ( 66)  c<pe+o,/q) .  (67  ),f  cjs 

•g~ 1 ‘S‘ *=1/3‘10' 3  A^kg"1.  (68).  Roentgen  per  second.  (69).  p/s.  (70) 

-  i 

1  R*s*  Ijb2. 58-10*  *  A*kg"1.  (71).  Dose  equivalent.  (72).  Rem 
(biological  equivalent  of  rad).  (73).  rem(rem).  (74).  Dose  in  rad, 
multiplied  by  appropriate  factors. 

Page  66. 

The  intensity  of  the  emitted  by  source  energy  via  elementary 
particles  (quanta),  i.e.,  the  energy  content,  emitted  by  source  per 
unit  time,  is.  called  the  source  power  of  radiation/emission. 

The  source  power  of  radiation/emission  is  equal  to  the  product 
of  the  output  of  the  elementary  particles  (quanta)  of  sources  to 
their  energy  and  is  measured  in  the  energy  units  per  unit  of  the 
time:  joule  per  second  (J/s,  W) ,  mega-electron-volt  per  second 
(MeV/s),  calorie  per  second  (cal/s),  etc.  For  example,  the  power  of 
nuclear  reactor  is  measured  in  the  watts,  the  kilowatts  and  the 
megawatts . 

2.5.  Relationship/ratio  between  the  physical  quantities  of  those 
ionizing  radiations/emissions. 
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During  the  determination  of  physical  quantities  are  applied,  in 
fact,  all  basic  and  supplementary  units  the  measurement  of  the 
international  system  of  SI,  and  also  derivatives  of  these  units. 

In  the  practice  at  present  it  should  be  used  only  ones  the 
measurement  of  the  international  system  of  SI,  established/installed 
by  appropriate  state  standards  [6,  16,  28]. 

In  this  paragraph  (Table  2.11-2.12)  gives  some 
relationships/ratios  between  the  units  of  the  international  system  of 
SI  and  other  measuring  systems,  most  frequently  used  during  the 
determination  of  ones  the  measurement  of  the  ionizing 
radiations/emissions. 
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Page  67. 

3- POSSIBLE  CONDITIONS  OF  OPERATION  OF  ELECTRONIC  EQUIPMENT  AND  ITS 
COMPLETING  ARTICLES  IN  FIELDS  OF  THE  EFFECT  OF  IONIZING  RADIATION. 

Radiation  operating  conditions  are  determined  by  the  forms  of 
radiations/emissions  and  by  the  physical  parameters  of  the  fields  of 
these  forms  of  the  ionizing  radiations/emissions  (by  intensities  of 
radioactivity) . 

The  knowledge  of  the  possible  intensities  of  radioactivity 
(flows  and  the  densities  of  flows,  doses  and  the  radiation  dose 
rates),  which  can  act  on  equipment,  is  made  it  possible  for  engineer 
correct  to  select  the  completing  articles,  materials,  circuit 
solutions  and  design  concept,  to  establish/install  the  location  of 
equipment  on  the  object  and  if  necessary  to  take  measures  for  the 
protection  of  equipment  or  its  separate  elements/cells. 

The  possible  sources  of  the  ionizing  radiations/emissions  and 
the  radiation  fields,  created  by  these  sources  in  the  zone  of  the 
work  of  radio-electronic  equipment,  are  examined  in  this  chapter. 
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3.1.  Sources  of  the  ionizing  radiations/emissions. 

The  sources  of  the  ionizing  radiations/emissions  can  be  natural 
and  artificial. 

They  are  the  natural  sources  of  the  ionizing 
radiations/emissions : 

-  natural  radioactive  materials,  which  are  located  in  the 
minerals,  to  water  and  to  the  Earth's  atmosphere; 

-  natural  (internal  and  external)  Earth  radiation  belts; 

-  rays/beams  of  galactic  origin; 

-  solar  rays/beams  and  radiation/emission  during  the  solar 
flares. 

Page  68. 

Furthermore,  to  the  natural  sources  of  the  ionizing 


radiations/emissions  should  be  related  the  flows  of  corpuscular  and 
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quantum  radiations/emissions,  which  appear  as  a  result  of  interaction 
of  the  rays/beams  of  galactic  and  solar  origin  with  the  atoms  of  the 
atmosphere. 
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As  the  sources  of  artificial  radiation  it  is  accepted  to 


consider: 


-  nuclear  (atomic)  and  thermonuclear  explosions; 


-  sections  of  radioactive  contamination  of  locality/terrain, 
which  appear  during  the  ground-based  (above-water)  and  air  (surface) 
nuclear  explosions; 


-  artificial  space  Earth  radiation  belts,  which  are  formed 
during  the  high-altitude  (beyond  the  limits  of  the  atmosphere) 
nuclear  explosions; 


-  nuclear  reactors,  used  in  different  energy  and  power  plants; 


-  different  sources  of  artificial  and  natural  radioisotopes. 


The  sources  of  the  artificial  radiation,  in  the  radiation  field 
of  which  can  prove  to  be  radio-electronic  equipment  and  its 
completing  articles,  are  also  different  kind  the  accelerators  of  the 
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charged/ loaded  elementary  particles  and  nuclei  of  chemical  elements 
and  pulse  nuclear  reactors. 

Radio-electronic  equipment  can  undergo  the  action  of  one  or 
several  forms  of  natural  or  artificial  radiations/emissions.  Thus,  to 
the  equipment  of  space  objects  can  act  the  space  ionizing 
radiations/emissions  of  all  forms.  Radio-electronic  equipment  of 
rockets  and  space  satellites  can  undergo  the  effect  of  the  pulse 
radiation  of  nuclear  or  thermonuclear  explosion  in  space  or  at  the 
high  altitudes  in  the  atmosphere.  Equipment  of  flying  units,  space 
vehicles,  atomic  ships  and  other  types  of  technology  with  the  nuclear 
power  and  power  plants  is  exposed  to  irradiation  by  the  continuous 
prolonged  radiation  of  installations.  The  radiation/emission  of  the 
artificial  radiation  fields,  created  by  high-altitude  nuclear 
explosions,  also  can  act  on  the  equipment  of  rockets  and  different 
kind  of  space  objects. 

Page  69. 

The  ionizing  radiations/emissions  of  natural  and  artificial 
Earth  radiation  belts,  solar  flares,  nuclear  and  thermonuclear 
explosions  and  nuclear  energy  and  power  plants  [2]  present  the 
greatest  danger  to  the  radio-electronic  equipment. 
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To  the  radio-electronic  equipment,  arranged/located  on  the 
surface  of  the  Earth,  virtually  exert  influence  the  ionizing 
radiations/emissions  with  the  low  density  of  flow  (with  dose  rate), 
which  consist  of  the  cosmic  ray  particles  and  radiation/emission 
naturally  of  those  distributed  of  soil  and  atmosphere  of  natural 
radioactive  materials  (rhodon,  the  decay  products  of  uranium, 
actinium,  thorium,  radium,  substances,  which  contain  potassium, 
etc.).  The  intensity  of  radioactivity  (natural  radiation  background) 
created  by  them  does  not  exceed  100  mrad  per  annum  (Table  3.1),  i.e., 
it  is  considerably  lower  than  the  radiation  dosages  (on  the  order  of 
10*  rad),  during  irradiation  by  which  are  observed  noticeable  changes 
in  the  electrical  parameters  of  radioelements. 

During  the  determination  of  the  conditions  for  the  work  of 
radio-electronic  equipment  in  outer  space,  as  a  rule,  do  not  consider 
those  forms  of  the  radiations/emissions,  which  do  not  create 
essential  intensities  of  radioactivity  within  the  space  object  or 
after  the  available  protective  coating.  To  these  forms  of 
radiations/emissions  is  carried  solar  low-energy  corpuscular 
radiation  (the  corpuscular  fluxes  and  the  solar  wind,  the  containing 
protons  with  the  energy  less  than  10  keV  and  electrons  with  the 
energy  to  10  eV)  and  constant  solar  radiation  (protons  with  the 
energy  to  1  keV  and  electrons  -  to  1  eV). 
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Table  3.1.  Power  of  the  exposure  doses  of  natural  radiation  on  the 


surface  of  the  Earth  [1]. 
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Key:  (1).  Radiation  sources.  (2).  Power  of  exposure  dose,  mrad/year. 
(3).  Cosmic  rays  (at  the  level  of  sea  in  equator).  (4).  Soils.  (5). 
volcanic  origin.  (6).  clay  shale.  (7).  sandstone.  (8).  limestone. 
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Also  are  not  considered  the  emitted  by  the  Sun  x-rays,  the  neutrons, 
given  birth  to  by  cosmic  rays,  and  the  diffuse  reflected  protons,  the 
densities  of  flows  of  which  are  small  in  comparison  with  the  flows  of 
protons  and  electrons  [2-4]. 


The  sources  of  the  ionizing  radiations/emissions  examined  can  be 
characterized  by  a  number  of  radioactive  decay  per  unit  time  (by 
units  of  activity)  or  by  an  output  of  the  ionizing  particles.  As  the 
units  of  measurements,  which  characterize  intensities  of 
radioactivity,  during  the  estimation  of  the  conditions  for  the  work 
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of  radio-electronic  equipment  and  its  completing  elements/cells  it 
should  be  applied: 

-  for  the  neutron  radiation/emission  -  flow  and  neutron  flux 
density  with  the  energy  are  more  than  0.1  MeV;  in  certain  cases  are 
considered  the  slow  neutrons; 

-  for  the  quantum  radiation/emission  -  exposure  dose  and  the 
power  of  the  exposure  dose  of  X-ray  and  gamma-radiation; 

-  for  the  cosmic  radiation  -  exposure  dose  and  the  power  of  the 
exposure  dose  of  the  space  ionizing  radiation/emission. 

The  determinations  of  the  enumerated  forms  of  physical 
quantities,  one  their  measurements,  established/installed  in 
accordance  with  the  international  system  of  the  units  of  SI,  and 
scaling  factors  between  ones  in  different  measuring  systems  are  given 
in  Chapter  2. 

3.2.  Penet  -.ting  radiation  of  nuclear  explosion. 

Characteristic  of  the  damaging  factors. 


Nuclear  weapons  of  explosive  action  is  based  on  the  use  of 
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intranuclear  energy,  which  is  freed/released  in  the  presence  of  the 
nuclear  reaction  of  explosive  character.  The  basic  damaging  factors 
of  the  airburst  of  nuclear  and  thermonuclear  weapons,  which  affect 
the  radio-electronic  equipment,  are  shock  wave,  luminous  radiation 
and  penetrating  radiation. 

The  parameters  of  the  damaging  factors  of  nuclear  explosion  and 
their  effectiveness  depend  on  the  following  properties  of  the 
environment:  temperature,  pressure,  density  and  composition.  For  the 
airburst  the  effectiveness  of  action,  first  of  all,  is  determined  by 
the  density  of  air  medium,  i.e.,  it  depends  on  the  height/altitude  of 
point  of  impact. 

Page  71. 

Shock  wave  (50%  of  entire  energy  of  nuclear  explosion)  is  the 
main  damaging  factor  during  the  air  (surface)  and  surface  bursts.  Its 
destructive  effect  is  determined  by  overpressure  in  the  shock  wave 
front,  whose  effectiveness  from  the  decrease  of  atmospheric  pressure 
(with  an  increase  in  the  height/altitude  of  point  of  impact)  falls 
also  in  effect  it  will  be  absent  under  the  space  conditions. 

Radio-electronic  equipment  can  go  out  of  order  at  the 
overpressures  in  the  shock  wave  front  from  0.15  to  1  kg/cm3 
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(1*103-1*10*  kg/m2)  [5].  On  the  average  it  is  accepted  to  count 
overpressure  0.35  kg/cm2  by  dangerous  for  unprotected 
radio-electronic  equipment  [6,  7], 

The  luminous  radiation  of  explosion,  which  is  the  flow  of  the 
ultraviolet,  visible  and  infrared  rays,  during  interaction  with  the 
materials  of  the  elements/cells  of  equipment  can  substantially  change 
their  physical  properties.  Such  materials,  as  organic  glass, 
polyethylene,  teflon,  cellulose,  bakelite,  insulating  coatings  of 
cables,  and  other  materials  and  articles  made  of  the  organic  matter 
under  the  effect  of  luminous  flux  on  the  order  of  60-70  cal/cm2  will 
be  fused  and  grow  dark,  and  with  the  large  flows  some  of  them  can  be 
ignited  [5,  6].  It  should  be  noted  that  the  majority  of  materials  and 
radioelements  of  equipment,  as  a  rule,  are  sheltered  from  the  direct 
effect  of  the  luminous  radiation  of  explosion  by  different  screens 
(jackets/cases/housings  of  the  units  of  equipment,  the  housing  of 
object,  etc.),  and  damaging  effect  of  luminous  radiation 
significantly  is  weakened/attenuated.  They  consider  that  under  the 
influence  of  light  impulse/momentum/pulse  100  cal/cm3  the  failures  of 
radio-electronic  equipment  can  occur.  This  impulse/momentum/pulse  is 
observed  at  the  distances  of  the  order  of  several  kilometers  during 
the  high-altitude  nuclear  explosions  of  large  power. 

The  ionizing  radiation/emission  of  nuclear  explosion  is  the  flow 
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of  7-quanta,  neutrons,  0-particles  and  small  quantity  of  a-part icles . 
Almost  all  neutrons  and  part  of  7-quanta  are  emitted  in  the  process 
of  division.  The  neutrons,  which  are  formed  in  the  process  of 
division,  interact  partially  with  the  atomic  nuclei  of  different 
materials,  which  are  the  component  parts  of  the  construction/design 
of  ammunition.  These  processes  are  accompanied  by  the 
radiation/emission  of  7-quanta. 

Page  72. 

Furthermore,  the  part  of  the  neutrons,  which  flew  out  from  the  zone 
of  fission  reaction  or  synthesis,  interacts  with  the  nuclei  of  the* 
substances  of  the  environment,  forming  7-radiation. 

Gamma-quanta  and  0-particles  are  emitted  during  certain  period 
of  time  as  a  result  of  radioactive  decay  of  fission  products.  In  the 
process  of  radioactive  decay  of  the  nuclear  fuel  (uranium, 
plutonium),  which  was  not  subjected  to  division  during  the  explosion, 
occurs  the  radiation/emission  of  7-quanta.  Usually  in  view  of  a  small 
mean  free  path  a-  and  0-particles  they  disregard  their  action  on  the 
equipment,  and  so-called,  penetrating  radiation  consider  that  the 
basic  damaging  ionizing  radiations/emissions  of  nuclear  explosion  are 
the  gamma-  and  neutron  radiation/emission. 


.sVv.v., 
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During  the  air  (surface)  and  ground-based  nuclear  explosions  the 
densities  of  the  flows  of  penetrating  radiation  at  those  distances, 
where  the  shock  wave  renders  inoperable  the  unprotected 
radio-electronic  equipment,  in  essence,  are  safe.  But  with  an 
increase  in  altitude  of  explosion  penetrating  radiation  acquires 
increasing  importance  in  the  damage/defeat  of  equipment.  During  the 
explosions  at  the  high  altitudes  and  in  space  the  basic  damaging 
factor  becomes  the  impulse/momentum/pulse  of  penetrating  radiation. 

(See  Chapter  4)  it  follows  from  the  data  on  the  durability  of 
^  n  cA. 

the  elements/cells  A  of  radio-electronic  devices/equipment  under  the 
conditions  of  the  effect  of  the  gamma-  and  neutron  radiation/emission 
that  equipment  can  give  failures  with  the  neutron  fluxes  lO^-lO17 
n/m1,  the  power  of  the  exposure  dose  of  7-radiation  10’  rad/s  and  to 
the  exposure  dose  of  10 5  rad  and  more.  A  change  in  the  parameters  of 
elements/cells  and  equipment  can  occur,  also,  at  the  smaller  values 
of  the  flows  of  penetrating  radiation.  For  determining  the  radii  of 
the  lethal  areas  of  radio-electronic  equipment  as  the  criterial 
values  of  radiation  fluxes  are  accepted  the  following  [6-8]: 

10 11  n/ma  -  from  the  neutron  flux; 

10*  rad  -  on  the  exposure  dose  of  7-radiation; 
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10 1  rad/s  -  according  to  the  power  of  the  exposure  dose  of 
7-radiation. 

Fig.  3.1  shows  radii  of  the  zones  of  action  of  the  damaging 
factors  of  nuclear  air  burst  (at  the  level  of  sea)  in  the  dependence 
on  the  TNT  equivalent. 

Page  73. 

The  expected  power  coefficients  of  exposure  dose,  neutron  flux,  heat 
flux  and  exposure  dose  at  different  distances  from  the  burst  center 
of  megaton  nuclear  charge  are  given  in  Fig.  3.2.  Horizontal  dotted 
line  indicates,  at  what  values  of  the  parameters  of  the  damaging 
factors  the  equipment  will  malfunction. 
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Fig.  3.1.  Radii  of  the  lethal  areas  of  radio-electronic  equipment 
depending  on  the  TNT  equivalent  of  nuclear  charge  for  the  criterial 
values:  7-radiation  with  the  power  of  107  r/s  (2,  3);  the  luminous 
flux  in  100  cal/cm1  (1,  4)  and  shock  wave  with  the  overpressure  in 
the  front  0.35  kg/cm1  (5). 

«* 

Key:  (1).  The  TNT  equivalent,  kt.  (2).  At  the  level  of  sea  (in  air) 
(3).  Radius  of  zone,  km. 


Pa.  3.1. 
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Fig.  3.2.  Change  in  parameters  of  damaging  factors  of  nuclear 
explosion  with  power  of  1  Mt.  in  dependence  from  distance  to  burst 
center. 

Key:  (1).  r/s.  (2).  n/m2.  (3).  cal/cm2.  (4).  Power  of  exposure  dose. 
(5).  Neutron  flux.  (6).  Heat  flux.  (7).  Exposure  dose.  (8).  Threshold 
values.  (9).  Distance,  km. 

Page  74. 

It  is  evident  from  given  in  the  figures  data  that  the  greatest 
danger  to  the  radio-electronic  equipment  they  present  the  radiated 
power  of  7-quanta  and  neutron  flux.  The  quanta  of  7-radiation  are 
spread  with  the  speed  of  light,  reaching  the  differently  distant 
points  of  the  surrounding  space  almost  simultaneously.  The  neutrons, 
which  are  isolated  simultaneously  with  7-quanta,  have  lower  speed; 
therefore  first  of  all  the  point  of  space  in  question  will  achieve 
7-quantum,  and  then  neutrons.  Among  the  neutrons  more  rapidly  pass 
the  assigned  distance  the  neutrons  with  the  topmost  energy  and  lastly 
slow  neutrons.  The  qualitative  picture  of  a  change  in  the  neutron 
flux  density  and  7-quanta  in  the  fixed  point  of  space  is  represented 
in  Fig.  3.3. 

Consequently,  in  proportion  to  the  propagation  of  the 
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penetrating  radiation/emission  of  nuclear  explosion  in  the  space  the 
separation  of  gamma-  and  neutron  radiat ions/emiss ions  in  the  time 
occurs.  Therefore,  taking  into  account  also  different  character  of 
interaction  of  gamma-quanta  and  neutrons  with  the  materials,  during 
the  determination  of  the  radiation  durability  of  radio-electronic 
equipment  one  should  examine  separately  effect  on  the  equipment  of 
gamma-  and  neutron  impulses/momenta/pulses. 
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Fig.  3.3.  Change  in  the  neutron  flux  density  and  7-quanta  (or  the 
rate  of  the  dose  of  7-radiation)  at  certain  removal/distance  from  the 
center  of  nuclear  explosion. 

Key:  (1).  Density  of  flow.  (2).  Gamma-quanta .  (3).  Neutrons.  (4). 
Time. 

Page  75. 

Characteristic  of  the  impulse/momentum/pulse  of  7-radiation. 

During  the  nuclear  explosion  are  formed  three  forms  of  the 
7-radiation:  instantaneous,  trapping  and  fragmentation. 

Directly  during  the  nuclear  explosion  during  the  tenths  of 
microsecond  the  emission  of  instantaneous  7-quanta  occurs.  To  one 
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fission  is  emitted  about  77-quanta  wi.th  the  general/common/total 
energy  of  approximately/exemplar ily  7.8  MeV.  Medium  energy  7-quantum 
is  equal  to  approximately  1.1  MeV  [9,  10].  The  spectrum  of 
7-radiation  at  the  moment  of  division  is  represented  in  Table  3.2. 

Instantaneous  7-radiation  is  the  main  source  of  the  high  rate  of 
the  dose  of  7-radiation,  but  its  role  in  the  formation/education  of 
dose  is  small. 

Trapping  7-radiation  appears  due  to  capture  reactions  of  fission 
neutrons.  It  includes  the  7-radiation,  which  is  formed  during  the 
inelastic  scattering  and  neutron  capture  by  the  nuclei  of  the 
environment,  and  the  7-radiation  of  the  radioactive  nuclei,  which 
appear  in  the  presence  of  the  reaction  with  the  neutrons.  Capture 
reaction  of  neutrons  by  nitrogen  of  air  is  one  of  the  basic  sources 
of  the  7-radiation  of  airburst. 
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Table  3.2.  Spectrum  of  instantaneous  7-radiation. 
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Key:  (1).  Range  of  energy,  MeV\  (2).  Number  of  7-quanta  to  one 
fission  in  this  energy  range. 
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To  one  absorbed  in  to  air  neutron  it  is  0.64  MeV  of  energy  of 
7-radiation.  The  medium  energy  of  trapping  7-radiation  is  equal  to  6 
MeV.  The  hard/rigid  part  of  the  energy  spectrum  of  the  7-radiation  of 
capture  reaction  of  neutrons  by  nitrogen  of  air  is  given  in  Table  3-3 
[9]. 

The  time  of  action  of  trapping  7-radiation  is  determined  by  the 
lifetime  of  neutrons,  which  in  air  comprises  fractions  of  a  second. 
Intensity  and  density  of  the  flow  of  trapping  7-radiation,  in 
essence,  depends  on  it  is  density  air  (quantity  of  nitrogen), 
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quantity  of  neutrons,  which  are  freed/released  during  the  explosion, 
and  the  composition  of  structural  materials. 

During  several  seconds  (10-15  s),  beginning  from  the 
moment /torque  of  explosion,  in  the  volume  about  the  burst  center  the 
fission  products,  which  give  fragmentation  7-radiation,  are  formed. 
Radioactive  fission  fragments  have  half-life  periods  of  up  to  several 
years.  The  medium  energy  of  the  quanta  of  fragmentation  7-radiation 
in  the  first  seconds  after  explosion  is  equal  to 
approx ima t ely/exemplar ily  2  MeV.  The  radiant  density  of  fission 
fragments  decreases  sufficiently  rapidly  in  the  first  seconds  after 
explosion  due  to  the  decomposition/decay  of  the  short-lived 
(low-lived)  isotopes,  subsequently  density  change  occurs  more  slowly. 
The  dose  rate,  created  by  fragmentation  7-radiation,  are  considerably 
lower  than  the  dose  rate,  created  by  trapping  and,  all  the  more,  by 
the  instantaneous  7-radiation  of  nuclear  explosion  [9-11]. 


The  general/common/total  flow  of  7-quanta  in  outer  space  depends 
on  energy  (power)  and  design  features  of  nuclear  charge  and  can  be 
calculated  according  to  the  formula 

*,-**■.  <3I> 


where  N  -  total  number  of  7-quanta,  which  left  beyond  the  limits  of 
the  shell  of  nuclear  charge  in  the  process  of  explosion. 


DOC  *  83167504 


PAGE  as/ 


Table  3.3.  Radiation  spectrum  N14  (n,  7)  N15  (hard/rigid  part  of  the 
spectrum) . 
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1.  45%  of  energy  of  hard/rigid  part  of  spectrum  are  connected 
with  quanta,  which  have  energy  5. 3-6. 3  MeV. 

2.  15%  of  energy  are  connected  with  quanta,  which  have  energy  of 
more  than  7  MeV. 

Key:  (1).  Quantum  energy,  MeV.  (2).  Relative  density  of  flow  of 
7-quanta,  %. 
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Using  formula  (3.1),  let  us  calculate  the  possible  power  of  the 
exposure  dose  of  instantaneous  7-radiation  at  a  distance  of  10  km 
during  the  explosion  of  charge  9  kt.  During  the  nuclear  explosion  by 
energy  1  kt  occurs  the  division  1.45xlOJ3  of  nuclei  [5].  To  one 
nuclear  fission  approximately  1.1  MeV  (general/common/total  energy  of 
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7-quanta  is  equal  to  7.8  MeV)  are  emitted  on  the  average  of  7  quanta 
of  instantaneous  7-radiation  with  the  energy.  Consequently,  in  all 
during  the  explosion  1  kt  of  ammunition  it  will  be  isolated 
approximately/exemplar ily  1*10 24  quanta  and  general/common/total 
energy  of  instantaneous  7-radiation  will  be  equal  to  approximately 
1.1x10 14  MeV. 

Assuming  that  only  1%  of  instantaneous  7-quanta  exceeds  the 
limits  of  the  shell  of  nuclear  weapon,  then  for  explosion  of  1  kt  the 
energy  flow  of  radiation/emission  at  a  distance  from  the  burst  center 
R  will  compose 


MeV/cm*. 


The  dependence  of  exposure  dose  on  the  energy  flow  of  7-quanta 

is  determined  by  the  expression 

=  1,46-  lO'VgF,  p,  (3.2) 


where  n„  =  8-10-5  cm~1  -  linear  coefficient  of  absorption  of  7-quanta  in 

air . 


After  substituting  into  formula  (3.2)  value  of  F, 


(3.3) 


we  will  obtain 


where  D  -  in  the  roentgens,  and  R  -  in  the  meters. 
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The  power  of  exposure  dose  for  the  duration  of  pulse  10' 7  s  and 

1  kt  of  charge  will  be  respectively  equal  to 

o  _M0" 

but  for  charge  q  kt 


M0«« 

~w,q' 


r/s . 


(3.4) 
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It  is  easy  to  be  convinced,  after  producing  the  appropriate 
calculations  that  the  power  of  the  exposure  doses  of  trapping  and 
fragmentation  7-radiations  will  be  considerably  less. 

During  the  explosion  of  atomic  ammunition  in  air  the  power  of 

exposure  dose  and  exposure  dose  will  be  less  because  of  the  presence 

of  the  effects  of  absorption  and  scattering.  General  formula  for 

calculating  the  exposure  dose  of  7-radiation  takes  the  form 

a 

(3-5) 

where  K  -  factor,  which  considers  energy  (power)  of  explosion  and 
shock-wave  effect; 

-  effective  absorption  path  of  energy  of  7-radiation,  i.e.,  the 
distance,  at  which  the  dose  of  7-radiation  is  weakened/attenuated 


e=2.718  times. 
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The  effective  absorption  path  of  energy  of  7-radiation  with  the 
decrease  of  air  density  increases,  namely: 


where  X0  and  -  effective  absorption  paths  of  radiant  energy  in  air 
with  a  density  of  p,  and  p«  (at  height/altitude  H)  respectively. 

For  fragmentation  7-radiation  194,0=300  m,  and  value  K=1.4*10’ 
q(  1+0 . 2  5 )  ,  where  1+0.2*  ^K'  -  coefficient,  which  considers  the 

factor  of  cavity  1 .  Consequently,  the  exposure  dose  of  fragmentation 
7-radiation  can  be  calculated  according  to  formula  [9] 

*  P 
300 

Do„«1.4.|0#?(i;+0,V-")  -Jy  ,  (3.6) 

where  q  -  in  the  kilotons,  R  -  in  the  meters,  p  -  air  density  in  the 
kilograms  to  the  cubic  meter. 

FOOTNOTE  l.  The  factor,  which  shows,  in  how  often  the  dose  rate  in 
the  presence  of  shock  wave  of  more  than  dose  rate  at  the  same  moment 
of  time,  but  in  the  absence  of  shock  wave,  it  is  called  the  factor  of 
the  cavity  of  dose  rate.  ENDFOOTNOTE. 
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For  trapping  7-radiation  Xwj>(tl*-410  m,  and  value  K=5*10*,  since 
this  radiation/emission  has  the  harder/more  rigid  spectrum  and  acts 
during  0.2-0. 3  s,  when  shock  wave  cannot  virtually  affect  the 
propagation  of  7-quanta.  Consequently,  for  the  trapping  7-radiation 
the  calculation  of  exposure  dose  can  be  obtained  from  the  formula 


R  f 


X>.= 


5- 10's 


/?• 


(3.7) 


Instantaneous  7-radiation  has  softer  energy  spectrum  in 
comparison  with  the  trapping  and  fragmentation  radiations/emissions, 
and  therefore  the  value  of  value  will  be  less  than  300.  A  number 
of  7-quanta  of  instantaneous  radiation/ emission  during  the  explosion 
of  nuclear  weapon  is  considerably  lower  than  the  total  number  of 
trapping  and  fragmentation  radiation/emission.  Thus,  for  instance, 
during  the  first  minute  after  air  or  surface  burst  a  quantity  of 
delaying  and  ..rapping  7-quanta  proves  to  be  100  times  more  than  a 
quantity  of  instantaneous  7-quanta,  which  form  part  of  the  nuclear 
radiation,  observed  at  the  same  distance  from  the  burst  center  (5). 
However,  the  density  of  the  flow  of  instantaneous  7-quanta,  in 
connection  with  the  short  time  of  their  radiation/ emission  (10* 1  s), 
will  be,  apparently,  several  orders  L^ier. 


Thus,  during  the  explosion  of  charge  the  rate  of  the  dose  of 
7-radiation  will  be  determined  by  instantaneous  ones,  and  total  dose 
-  by  trapping  and  fragmentation  7-quanta. 
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Neutrons  are  the  second  component  of  penetrating  radiation  of 
nuclear  explosion.  The  character ist ic  of  the  impulse/momentum/pulse 
of  the  neutron  flux  of  nuclear  explosion  is  given  below. 

Characteristic  of  the  impulse/momentum/pulse  of  neutron  flux. 

The  neutrons,  which  are  formed  during  the  nuclear  explosion,  are 
subdivided  into  the  instantaneous  ones  and  delaying. 

Furthermore,  certain  part  of  the  neutrons  is  freed/released  as  a 
result  of  the  effect  of  7-quanta,  which  possess  high  energy,  on  the 
nuclei  of  the  substances,  which  form  part  of  nuclear  weapon.  These 
neutrons  compose  the  negligible  part  of  their  total  number  and 
therefore  their  contribution  and  general/common/total  neutron  flux 
can  be  disregarded/neglected. 

Page  80. 

Prompt  neutrons  are  formed  directly  during  the  nuclear  explosion 
as  a  result  of  the  course  of  the  nuclear  chain  reactions  of  division 
and  synthesis.  In  their  portion  fall  more  than  99%  entire  number  of 
forming  during  the  explosion  neutrons.  The  time,  necessary  for  the 
course  of  fission  reaction,  comprises  the  tenths  of  microsecond  [10]. 
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Prompt  fission  neutrons  have  energy  in  the  range  from  the 
thermal  (0.025  eV)  to  14  MeV,  average/mean  value  of  energy  equally 
approximately/exemplar ily  to  2  MeV.  The  differential  energy  spectrum 
of  prompt  neutrons  during  the  division  of  uranium-235  by  slow 
neutrons  in  general  form  is  determined  by  following  expression  [10]: 

V(£)d£  =  ]/-L[sh(2£)l/2]e-£d£,  (3.8) 

where  N(E)dE  -  number  of  neutrons  with  the  energy  E  in  the  energy 
range  from  E  to  E+dE; 

E  -  neutron  energy,  MeV. 

In  energy  range  from  4  to  12  MeV  differential  neutron  spectrum 

can  be  calculated  of  the  following  simpler  correlation: 

N^E)'dE^\M~p-nedE. 

Graphically  the  fission  spectrum  of  uranium-235  and  plutonium- 
239  is  represented  in  Fig.  3.4  [12].  Basic  part  of  the  spectrum 
compose  fission  neutrons  with  the  energy  several  mega-electron-volts 
The  portion  of  neutrons  with  the  energy  10  MeV  and  is  more 
insignificant  (in  the  figure  not  shown). 

Besides  the  prompt  neutrons  are  formed  the  delayed  neutrons, 
which  are  emitted  as  a  result  of  the  process  of  decomposing/decaying 
fission  fragments  with  the  half-life  period  from  0.4  to  55.6  s.  The 
medium  energy  of  delayed  neutrons  is  equal  to 
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approximately/exemplar ily  0.4-0. 6  MeV.  The  portion  of  delayed 
neutrons  in  the  general/convmon/total  neutron  flux  of  nuclear 
explosion  during  the  division  of  uranium-235  composes  0.73%,  and 
plutonium-239  composes  0.36%  [10,  11]. 

As  already  mentioned  above,  the  velocity  of  propagation  of 
neutrons  depends  on  their  kinetic  energy;  therefore  an  increase  in 
the  duration  of  neutron  pulse  occurs  with  the  removal/distance  from 
the  burst  center. 
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In  the  simplest  case,  when  the  absorbing  medium  is  absent,  the  shape 
of  neutron  pulse  depends  from  the  distance  to  the  burst  center  and 
initial  impulse/momentum/pulse  of  neutron  radiation/emission  and  can 
be  described  by  following  expression  [13]: 


?  = 


2,2 !>•  I0*E2/3 


R‘ 


*(£), 


(3.9) 


where  <p  -  neutron  flux  density  at  the  moment  of  time  t,  n/s*mJ; 


N(E)  -  the  spectral  density  of  emitted  neutrons  during  the  explosion 


E  -  neutron  energy,  eV. 


The  time,  in  which  the  neutrons  will  achieve  the  point  of  space 
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indicated,  and  their  kinetic  energy  at  this  point  can  be  determined 
from  the  relationship/ratio 

t  =  R  [1,38-  I04£l/2]  ■*  s,  (3.10) 

» 

where  R  -  in  the  meters,  E  -  in  the  electron  volts. 
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Fig.  3.4.  Energy  fission  spectrum  uranium-235  (0)  and  plutonium-239 
(•) .  To  the  right  on  the  inset  the  spectrum  of  plutonium  on  the 
semi logarithmic  scale. 

Key:  (1).  MeV. 
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Simultaneously  with  a  change  in  the  shape  of  neutron  pulse 
occurs  its  delay  relative  to  the  impulse/momentum/pulse  of  the 
7-radiation  (see  Fig.  3.3),  which  for  the  case  of  the  absence  of  the 
absorbing  medium  can  be  determined  according  to  the  formula 


£J 


_ | _ 

1 .38- 10. 


(3.11) 
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where  E„.„„  -  maximum  energy  of  the  emitted  neutrons; 

c  -  speed  of  light. 

In  the  presence  of  the  environment  the  duration  of  neutron  pulse 
and  time  lag  will  grow/rise. 

In  spite  of  the  elongation  of  neutron  impulse/momentum/pulse, 
during  the  practical  calculations  of  the  effectiveness  of  the  action 
of  neutron  flux  on  the  radio-electronic  equipment  one  should  examine 
neutrons  as  common  group  with  the  specific  energy  distribution, 
independent  of  distance  of  the  burst  center. 

The  flow  construction  of  neutrons  depending  on  the  explosive 
energy,  distance  and  atmospheric  density  can  be  produced  from  the 
following  relationship/ratio; 

(3.12) 

where  K  -  coefficient  depending  on  the  explosive  force  and  effect  of 
wave; 

In  -  effective  attenuation  length  of  neutron  flux,  i.e.,  the 
distance,  at  which  On  is  weakened/attenuated  in  e=2.718  times;  for 
air  with  the  density,  which  composes  0.9  its  density  at  the  level  of 
sea,  Xn-190  m  [5].  1 
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Assuming  that  the  neutron  flux  is  directly  proportional  to 
explosive  energy  and  does  not  depend  on  shock-wave  effect  (distance 
from  the  burst  center),  then  it  is  possible  to  calculate  it  (for  the 
atmosphere  p/p 0 =0.9)  from  the  formula 

<I>n e  190  ,  neutron/m1, 
where  q  -trotyl  equivalent  of  charge,  kt. 

Page  83. 

At  other  heights/altitudes 

4> ***  — fl1.0*- e  170  neutron/m’. 

Neutron  fluxes  at  different  distances  from  the  burst  center  of 
ammunition  1  Mt.  in  space  are  shown  in  Fig.  3.2. 

Thus,  the  levels  of  penetrating  radiation  of  nuclear  explosion, 
which  can  act  on  radio-electronic  technology,  will  depend  from  the 
explosive  energy,  height/altitude  of  explosion  (ambient  density), 
distance  to  the  point  of  impact  and  vulnerability  of  equipment. 
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According  to  the  recommendations,  expressed  in  work  [6],  on  the 
basis  of  a  comparative  evaluation  of  the  effect  of  the  damaging 
factors  of  nuclear  explosions  at  the  level  of  sea  and  in  space, 
radio-electronic  equipment  can  undergo  the  effect  of  the  following 
levels  of  the  impulse/momentum/pulse  of  penetrating  radiation:  the 
exposure  dose  of  7-radiation  10'1-10‘  r  for  the  duration  of  pulse 
10'1-10'*  s,  the  power  of  the  exposure  dose  of  7-radiation  102-1012 
r/s;  neutron  flux  1015-102#  n/m2  for  the  duration  of  pulse  10_1-10‘‘ 
s,  the  neutron  flux  density  1012-1022  n/s*m2. 

3.3.  Radiation  conditions,  created  by  nuclear  installations,  in  the 
places  of  the  arrangement/posit  ion  of  radio-electronic  equipment  on 
the  technical  objects. 

•  Development  of  contemporary  technology  is  closely  related  to  the 
use/application  of  a  nuclear  fuel.  Nuclear  installations  in  essence 
are  utilized  as  the  power  and  energy  engines.  Thus,  use  of  rocket 
nuclear  engines  on  the  space  objects  gives  the  possibility  to  obtain 
operating  characteristics  by  an  order  of  better  than  the 
characteristics  of  widely  used  at  present  chemical  engines  [14]. 
Atomic  power  plants  on  the  vessels  of  different  designation/purpose 
have  indisputable  advantage  with  respect  to  the  savings  of  the  space, 
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occupied  by  fuel/propellant. 
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Use/appl icat ion  of  nuclear  reactors  as  the  power  systems  on  the 
space  objects  instead  of  the  chemical  and  solar  cells  and  the  systems 
gives  gain  in  the  weight  at  the  power  of  these  installations  20  and 
more  kilowatts.  But  at  the  power  of  power  systems  from  ICO  to  several 
thousand  kilowatts,  when  questions  of  overall  sizes  and  weight  have 
vital  importance,  electric  power  is  most  economically  can  be  obtained 
only  with  the  aid  of  the  nuclear  sources  (Fig.  3.5)  [15].  Thus, 
radio-electronic  equipment  can  undergo  the  effect  of  the  ionizing 
radiations/emissions  from  the  nuclear  power  and  power  plants.  From  a 
number  of  these  installations  greatest  use  find  nuclear  reactors.  The 
use  of  radioisotope  energy  sources  is  limited,  since  with  the  aid  of 
them  can  be  obtained  power  to  1  kW. 


83167504 
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Fig.  3.5.  Curves  of  the  dependence  of  the  weight  of  power  systems  of 
space  objects  on  their  power:  A  -  solar  cells,  5  -  the  nuclear 
unprotected  system  with  the  closed  cycle,  B  -  solar  system  with  the 
closed  cycle. 


Key:  (1).  Weight,  kg.  (2).  Source  power,  kW. 
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Nuclear  reactors,  used  as  the  power  and  power  plants,  are 
subdivided  into  three  forms:  reactors  on  the  fast,  thermal  and 
intermediate  neutrons.  These  groups  of  reactors  differ  from  each 
other  in  terms  of  the  relationship/ratio  of  the  containing  in  them 
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heavy  nuclei  of  fuel/propellant  and  light  nuclei  of  renrler. 

In  the  fast-neutron  reactors  there  is  no  retarder;  therefore 
radiation  spectrum  is  characterized  by  the  presence  of  a  large  number 
of  fast  neutrons.  In  the  thermal-neutron  reactors  there  is  a 
retarder,  in  which  fast  neutrons  decelerate  to  the  thermal  ones.  The 
relationship/ratio  between  a  quantity  of  fast  and  slow  neutrons 
depends  on  the  type  of  retarder.  Intermediate-neutron  reactors  occupy 
the  mid-position  between  the  reactors  on  the  fast  and  thermal 
neutrons . 

The  composition  of  the  radiation/emission  of  nuclear  reactors  is 
very  complex:  the  instantaneous  and  delayed  fission  neutrons,  the 
7-radiation,  emitted  during  the  division,  the  7-radiation  of  the 
radioactive  fission  products  and  materials  of  the  elements  of 
construction/design,  /3-radiation  and  X-rays.  In  the  examination  of 
the  flows  of  the  ionizing  radiations/emissions,  which  can  act  on 
radio-electronic  equipment,  they  usually  disregard  the  action  of 
/3-radiation  and  X-rays,  in  connection  with  the  smallest  depth  of 
their  penetration  into  the  material. 


Prompt  fission  neutrons  have  kinetic  energy  from  the  thermal 
(0.025  eV)  to  several  mega-electron-volts.  The  energy  fission  spectra 
for  the  majority  of  the  fissionable  isotopes  are  close  to  each  other 
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(Fig.  3.4). 

Delayed  neutrons  are  emitted  by  some  radioactive  fission 
products  and  have  medium  energy  on  the  order  of  0.5  MeV. 

Instantaneous  7-rays  have  an  energy  from  0.5  to  6.5  MeV  (see 
Table  3.2),  7-rays  of  fission  products  -  from  0.1  to  several 
mega-electron-volts . 

In  the  trapping  7-radiation,  which  consists,  in  essence,  from 
7-quanta,  which  are  formed  as  a  result  of  absorbing  the  thermal 
neutrons,  the  radiation  spectrum  depends  on  the  material,  on  which 
the  neutrons  act,  and  it  has  maximum  energy  to  10  MeV.  As  a  whole 
entire  flow  of  7-quanta  has  medium  energy  of  approximately  1  MeV 
[16]. 

Page  86. 

The  neutron  flux  densities  and  7-quanta  (in  the  reactor  core) 
directly  depend  on  heat  output  of  reactor  and  its  overall  dimensions 
It  is  known  according  to  the  data  of  work  [17]  that  on  1  W  of  the 
heat  output  of  reactor  it  falls  on  the  average  3.1*1010  of  divisions 
per  second.  A  number  of  the  prompt  neutrons,  emitted  to  one  fission 
of  heavy  nuclei,  on  the  average  is  equal  to  2.5.  Then  1  s  it  is 
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emitted  7. 8 *10 10  neutrons.  From  this  number  of  neutrons  because  of 
the  large  self-absorption  of  radiation/emission  within  the  reactor 
about  1-2%  of  neutrons  only  reach  its  surface.  Consequently,  with  the 
release  1  W  of  energy  it  emerges  about  7. 8 •10*  neutrons/s.  Thus,  the 
neutron  flux  density  will  be  equal  to  the  heat  output  of  reactor  in 
the  watts,  multiplied  by  7.8*10*  and  that  divided  into  the  area, 
through  which  they  pass.  Reactors  according  to  their  heat  output 
usually  are  subdivided  into  the  powerful/thick  ones  and  the  low-power 
ones . 


Some  data  on  penetrating  radiation  from  powerful/thick  and 
low-power  nuclear  reactors  are  given  in  Table  3.4  [14,  18]. 

Depending  on  the  location  of  radio-electronic  equipment  on  the 
object  with  the  nuclear  installation  it  is  possible  to  subdivide  it 
into  three  categories. 

1.  Equipment,  which  is  located  in  reactor  core  (sensors, 
thermocouple,  etc.). 

2.  Equipment,  located  in  reactor  compartment  (separate  units  of 


television  and  other  equipment). 
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Table  3.4.  Characteristics  of  reactors. 
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Key:  (1).  Type  of  reactor.  (2).  Heat  output,  MW.  (3). 

Radiat ion/emiss ion  in  active  region/core.  (4).  neutron  flux  density, 
n/s*m3.  (5).  power  of  exposure  dose  of  7-radiation,  r/s.  (6). 
Powerful/thick  reactors.  (7).  Low-power  reactors. 
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3.  Equipment,  placed  in  uninhabited  and  crew  compartments  of 
ships,  atomic  aircraft,  artificial  Earth  satellites,  etc. 

The  neutron  flux  densities  and  power  of  the  exposure  doses, 
which  can  act  on  the  equipment,  located  in  the  reactor,  inhabited  and 
uninhabited  sections  of  the  objects  of  different  designation/purpose, 
depend  on  the  vulnerability  and  distance  from  the  active  region/core 
to  the  place  of  the  arrangement/position  of  radio-electronic 
equipment.  The  exemplary/approximate  boundaries  of  the  identical 
levels  of  gamma-  and  neutron  radiat ions/emiss ions  in  different 
locations  of  radio-electronic  equipment  are  given  in  Fig.  3. 6-3. 8 


Fig.  3.6.  the  exemplary/approximate  boundaries  of  the  identical 
levels  of  gamma-  and  neutron  radiations/emissions  on  the  nuclear 
powered  submarine  of  the  type  "Nautilus":  1  -  density  of  flow 
0=10 1 ‘-10 2 ‘  n/s*m2,  -io'-ho*  r/s;  2,  3,  4,  5,  6  -  line  of  identical 
intensities  of  radioactivity  at  different  distances  from  the  reactor 


Fig.  3.7.  Exemplary/approximate  boundaries  of  identical  levels  of 
gamma-  and  neutron  radiations/emissions  on  atomic  aircraft:  1  - 
density  of  flow  <p=101‘-101*  n/s*m2,  pt-io*+io^  r/s,  2,  3,  4  -  line  of 
identical  intensities  of  radioactivity  at  different  distances  fr^m 
reactor. 

Page  88. 

In  these  figures  continuous  filling  designated  reactor  core,  by 
dual  shading  -  locations  of  the  protection  of  screens,  by  single 
shading  -  places  of  the  possible  arrangement/position  of 
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radio-electronic  equipment  on  the  nuclear  powered  submarine,  the 
atomic  aircraft  and  the  artificial  satellite  with  the  nuclear  power 
plant  aboard,  the  curved  lines  and  the  numerals  are  indicated  equal 
radiation  levels  at  different  distances  from  nuclear  reactor. 

On  the  basis  of  data  of  work  [19]  Fig.  3.9  gives  the  neutron 
flux  densities  and  power  of  exposure  doses  at  different  distances 
from  the  unshielded  nuclear  oscillator  with  a  power  of  30  kW, 
established/installed  on  the  space  object. 
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Fig.  3.8.  The  exemplary/approximate  boundaries  of  the  identical 
levels  of  gamma-  and  neutron  radiations/emissions  on  the  artificial 
satellite  with  the  nuclear  power  plant  aboard:  1  -  density  of  flow 
$>=101#-10x*  n/s*mJ,  p i ~io+  io*  r/s;  2,  3  -  line  of  identical  intensities 
of  radioactivity  at  different  distances  from  the  reactor. 
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Fig.  3.9.  Neutron  flux  densities  and  power  of  exposure  doses  of 
7-radiations,  created  by  nuclear  reactor  with  power  of  30  kw. 


Key:  (1).  r/s.  (2).  n/cml*s. 
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Page  89. 

Total  neutron  flux  and  exposure  dose  of  the  7-radiations, 
obtained  by  equipment  for  the  operating  time  of  reactor,  are 
determined  by  the  duration  of  the  work  of  nuclear  reactor  and  by  its 
power  (i.e.  with  the  neutron  flux  density  and  7-quanta).  In  the 
period  of  the  disconnection  of  reactor  to  the  equipment  can  act  the 
secondary  7-radiation  of  the  activated  constructions/designs  of 
reactor,  reflector  and  especially  -  the  delaying  7-radiation  of 
fission  products,  and  also  secondary  radiation  of  screens  and  other 
elements  of  the  construction/design  of  the  object,  on  which  is 
arranged/located  nuclear  installation.  The  background  noise  level  of 
nuclear  reactor  and  elements  of  the  construction/design  of  object 
depends  on  the  duration  of  operation  and  composition  of  the 
materials,  from  which  the  reactor  and  unit  are  prepared,  and  it  can 
reach  the  significant  magnitude.  The  definition  of  the  power  of  the 
exposure  doses  of  7-radiation,  obtained  by  equipment  from  secondary 
radiation,  is  conducted  just  as  from  the  radioisotope  sources. 

Among  the  radioisotope  sources  of  the  ionizing 
radiations/emissions  the  greatest  danger  to  the  radio-electronic 
equipment  present  the  sources  of  7-quanta  (for  example,  the  sources, 
which  contain  plutonium-239,  uranium-235,  uranium-233,  cobalt-60, 
etc. ) . 
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The  power  of  exposure  dose  from  these  sources  is  found  depending 
on  activity  and  spectrum  of  the  7-radiation  of  source,  distance  from 
the  source  and  from  the  ambient  density. 

During  the  determination  of  the  exposure  dose  of  7-radiation  or 
its  power,  created  at  the  specific  distance  from  the  radiation  source 
of  this  form  and  weight,  accept  the  usually  following  assumptions, 
which  simplify  the  calculations: 

-  self -absorption  of  7-radiation  in  the  very  isotope  (substance) 
of  source  is  absent; 

-  source  of  7-radiation  is  point. 

The  first  assumption  leads  to  somewhat  high  values  of  exposure 
doses  of  7-radiation.  The  second  assumption  can  be  substantiated,  if 
the  sizes/dimensions  of  source  are  small  in  comparison  with  the 
distance  from  the  source  to  the  irradiated  object. 

Page  90. 

The  power  of  the  exposure  dose  of  7-radiation  from  point  source 
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is  calculated  from  the  formula 


ri  R* 


(3.14) 


In  formula  (3.14)  A  -  activity  of  the  radioactive  isotope  of 
point  source,  determined  from  expression  (2.19),  R  -  distance  from 
point  source,  F  -  specific  gamma-constant  the  gamma-emitting 
radioactive  isotopes  or  in  abbreviated  form  -  the  specific  gamma- 
constant  of  radiation/emission. 


The  specific  gamma-constant  of  radiation/emission  -  this  is  the 
power  of  exposure  dose,  created  by  the  7-radiation  of  point  source 
with  the  unit  of  activity  at  a  distance  from  it  in  the  unit  of  the 
length  (it  is  assumed  that  by  weakening  in  the  source  and  along  the 
propagation  of  7-quanta  it  is  possible  to  disregard). 


From  expression  (3.14) 


Value  r  can  be  used  for  the  characteristic  of  the  output  of 
7-radiation  from  the  real  sources  under  the  conditions  for  their 
practical  use/application.  If  value  r  is  utilized  for  the 
characteristic  of  the  7-radiation  of  separate  isotopes,  then  it  will 
coincide  with  the  value  by  complete  gamma-constant,  represented  by 
itself  the  sum  of  the  differential  gamma-constants  of  this 
radioactive  isotope.  The  values  of  values  differential  gamma-constant 
(K.).  designed  for  the  specific  monochromatic  lines  of  the  energy 
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spectrum  of  isotope,  can  be  obtained  from  the  dependence,  shown  in 
Fig.  3.10  [18]. 


During  the  calculation  of  the  intensities  of  radioactivity, 
created  by  radioactive  sources  in  different  media  and  after  different 
barriers/obstacles,  it  is  necessary  to  consider  the  effects  of 
absorption  and  scattering  of  7-quanta  in  the  substance. 


Page  91. 


General  formula  for  the  calculation  of  power  of  exposure  dose  from 
point  source  takes  the  form 

s  —Kg—  B,  (3. 15) 


s  r<4  — £j—  B,  (3. 15) 

where  u  -  linear  coefficient  of  absorption  of  7-radiation  in  the 
substance; 


B  -  buildup  factor  of  the  scattered  7-rays. 


Numerical  values  u  and  B  for  different  values  of  energy  of 
7-quanta  are  given  in  the  application/appendix. 


3.4.  Cosmic  radiation. 


The  evaluation  of  the  radiological  situation  in  the  near-earth 
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outer  space  is  very  complex  problem.  This  is  explained  by  the  fact 
that  the  portion  of  radiation,  introduced  by  the  components  of  space 
radiation  sources,  is  different  in  different  regions  of  outer  space. 
At  the  same  time,  during  the  estimation  of  the  conditions  for  the 
work  of  radio-electronic  equipment  of  space  objects  it  is  necessary 
to  consider  the  dynamics  of  motion  and  the  concrete/specific/actual 
mode  of  orbit  or  trajectory,  along  which  moves  the  spacecraft. 

Therefore  initial  data  for  evaluating  the  levels  of  the  space 
ionizing  radiations/emissions ,  which  affect  the  equipment  of  the 
space  object,  which  moves  along  the  specific  trajectory,  are  the 
spatial  distribution  of  these  characteristics  and  the  equation  of 
motion  of  space  object. 


OfiOSO, 01  0,02  0,05  0,1  0,2  0,3  1  Z  S,HM 

Fig.  3.10.  Values  of  the  quantity  of  gamma-constant  depending  on 
kinetic  energy  of  7-quanta.  /c7  is  given  in  units  R/cmJ  *h/mcurie. 

Key :  ( 1 ) .  MeV . 
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The  following  present  the  greatest  danger  to  the  onboard 
radioelectronic  equipment: 

-  primary  (galactic)  space  radiation; 

-  solar  cosmic  radiation,  appearing  during  the  intense 
chromospheric  solar  bursts; 

-  proton  and  electronic  radiations/emissions  of  internally  Earth 
radiation  belt; 

-  electronic  radiation/emission  of  the  external  radiation 
belt/zone  of  the  Earth; 

-  electronic  radiation/emission  of  artificial  Earth  radiation 
belts . 


The  possible  forms  of  the  ionizing  radiations/emissions  and 
their  physical  parameters  in  different  regions  of  outer  space  are 
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examined  below. 

Primary  space  and  solar  radiations. 

The  ionizing  galactic  rays/beams ,  which  enter  and  galactic 
spaces,  are  in  the  main  flows  of  protons  and  a-particles.  The  content 
of  the  nuclei  of  other  chemical  elements  does  not  exceed  2%. 


Composition  of  primary  cosmic  radiation  yes  in  Table  3.5  [14]. 
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Table  3.5.  Content  of  the  nuclei  of  chemical  elements  in  the  primary 
cosmic  radiation  and  their  relative  abundance  on  the  universe. 


(n 

rpynnu  vieneHTapHux 
««CTHU  H  *Aep  XHMHHCCXHX 

MeMCHTOS 

(a.) 

3ap«A'|»flpa 
(a  ciiHMHuax 
vicMeHTapworo 
SJHTKTpMWCKOrO 
3ap«aa) 

CpeaHHfl 

utomuuA 

i<ouep 

to 

'  Ko^hwctso 
«Aep.  % 

(S) 

PacnpocTpan 
HOCTk  no  8cc* 
-ICHHOft,  % 

npoTonbiC  b) 

i 

i 

100* 

100* 

a-MacTHUuCl) 

2 

4 

15,5 

7 ,7 

jlerKHe 

3—5 

10 

0,24 

10-* 

CpeflHHe  SApafa' 

6—9 

14 

1,20 

0,20 

Ttmejibie  HApaO®) 

>10 

31 

0,4 

OMefuP  THiKeAbie  fupa 

>20 

51 

0,1 

Key:  (1).  Groups  of  elementary  particles  and  nuclei  of  chemical 
elements.  (2).  Nuclear  charge  (in  units  of  elementary  electric 
charge).  (3).  Average  atomic  number.  (4).  Quantity  of  nuclei,  %.  (5) 
Abundance  on  universe,  %.  (6).  Protons.  (7).  a-particle.  (8).  Light 
nuclei.  (9).  Medium  nucleuies.  (10).  Heavy  nuclei.  (11).  Very  heavy 
nuclei . 


FOOTNOTE  1 .  100%,  since  protons  are  contained  in  all  nuclei  of  the 
elements  of  cosmic  radiation  and  nuclei  of  natural  elements. 
ENDFOOTNOTE . 
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It  follows  from  given  data  that  the  relative  content  of  the 
nuclei  of  different  chemical  elements  approximately/exemplarily 
corresponds  to  their  abundance  in  the  universe. 

The  particles  of  galactic  rays/beams  possess  medium  energy  in 
ones  and  tens  of  gigaelectron-volts ,  but  they  can  have  an  energy, 
also,  to  101*  eV,  and  for  heavy  nuclei  and  10 1 ’  eV.  The  particles 
with  the  energy  of  less  than  100  MeV  virtually  are  absent.  The 
differential  energy  spectrum  of  galactic  rays/beams  with  the  energy 
of  more  than  1  GeV/nucleon  takes  form  [14]: 

<p(E)  dE  =  CE~2*dE.  (3.16) 

In  equation  (3.16)  E  -  useful  energy  of  particle,  which  falls  to 
one  nucleon  and  equal  to  E—EK+mpc2-,  E„  -  kinetic  energy  of  particle; 
mPc2  -  rest  energy;  C  -  dimens  ionless  coefficient. 

As  an  example  Fig.  3.11  gives  some  computed  values  of 
differential  energy  spectra,  to  the  corresponding  period  of  high 
solar  activity,  for  the  nuclei  of  galactic  rays/beams.  The  spectrum 
of  nuclei  with  the  energy  10 11  eV  and  no  longer  is  given,  since  the 
density  of  the  flows  of  these  nuclei  is  insignificant.  According  to 
the  measurement  data,  carried  out  at  the  scientific  space  stations 
"Proton-1  "and  "Proton-2",  the  integral  energy  spectrum  of  primary 
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cosmic-rays  in  the  range  4 *10 1  °-2 *10 1  4  eV  can  be  described  by  the  law 

V{>  E)**E~\ 

with  the  value  7=1.73  [20]. 

The  density  of  the  flow  of  galactic  cosmic  rays  vary  with  time. 
For  the  periods,  which  correspond  to  the  maximum  activity  of  the  Sun, 
the  density  of  flow  is  equal  to  approximately/exemplar ily  1*10* 
part./mJ*s.  In  the  years  of  minimum  solar  activity  the  density  of 
flow  increases  to  (2. 3-2. 5)  10*  part./mJ*s,  moreover  the  created 
ionization  increases  1.5-2  times. 
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It  is  necessary  to  note  that  the  available  at  present  data  on 
the  effect  of  primary  cosmic  radiation  on  the  substances  and  on  the 
measurement  of  radiation  dosages  are  given  without  taking  into 
account  the  degree  of  the  effect  of  multicharged  nuclei  with  the  high 
energy  (high  energy  nuclei)  which  they  can  have  'its  special 
features/peculiarities  during  interaction  with  the  substances.  For 
example,  the  probability  of  inelastic  collisions  of  protons  with 
carbon  atoms  increases  with  the  increase  of  kinetic  energy  of  protons 
from  10 10  to  10 11  eV  approximately/exemplar ily  one  and  a  half  times 


Fig.  3.11.  The  differential  energy  spectra  of  the  components  of  the 
galactic  cosmic  rays:  1  -  heavy  nuclei;  2  -  light  nuclei;  3  - 
a-particles  xlO;  4  -  protons;  medium  nucleuies  xlO2. 

Key:  (1).  The  spectral  density  of  flow,  part . /m2 * s ‘MeV.  (2). 
MeV/nucleon. 
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The  shielding  from  them  of  radio-electronic  equipment  is  in 
practice  little  effective  as  a  result  of  the  high  hardness  of  cosmic 
rays . 


To  the  solar  cosmic  radiation  it  is  accepted  to  carry  the 
ionizing  radiation/emission,  which  appears  as  a  result  of  solar  burst 
and  observed  during  the  short  time  interval.  It  consists,  in  essence, 
from  the  protons,  and  also  of  a-particles  and  nuclei  of 
elements/cells  with  the  charges  from  6  to  18  elementary  charges.  The 
nuclei  of  elements/cells  are  approximately  0.15-0.25%,  a-  particles  - 
from  3  to  15%. 

Furthermore,  in  the  composition  of  solar  cosmic  rays  were 
observed  electrons,  and  also  X-ray  and  gamma-radiation  of 
insignificant  intensity.  Their  formation/education  can  be  explained 
by  generation  during  the  flashes/bursts  of  braking  and  radio 
emissions.  Solar  flares  significantly  affect  the  composition  of 
natural  Earth  radiation  belts  [21,  22,  31]. 

In  comparison  with  the  primary  cosmic  radiation  solar  cosmic 
rays  have  considerably  smaller  energies  of  the  emitted  particles,  but 
the  densities  of  their  flow  many  times  (to  10 *)  exceed  the  densities 
of  the  flow  of  galactic  particles. 
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Maximum  energy  of  the  protons  of  solar  cosmic  rays  of 
approximately  10 1 #  eV. 

They  at  present  consider  that  the  average  annual  effectiveness 
of  production  of  high-energy  particles  in  the  solar  bursts 
approximately  composes  10 31  per  annum  (with  the  energy  of  more  than 
20  MeV) ,  and  average  flux  density  2*101J  part ./mJ *year  [24].  The 
densities  of  the  flows  of  protons  during  the  solar  flares  in  outer 
space  can  change  (to  oscillate)  in  the  limits  to  seven  orders. 

The  density  of  the  flow  of  protons  for  the  large  flashes/bursts 
is  equal  to  approximately/ exemplarily- 10 1 0  protons/m1 *s;  for  the  time 
solar  p  of  the  flash/burst,  whose  average  duration  is  24  hrs,  the 
flow  of  protons  with  the  energy  of  more  than  30  MeV  reaches  the 
values  of  101*  proto-N/mJ,  with  the  energy  of  more  than  5  MeV  - 
values  of  10 15  protons/m*. 

The  radiation/emission  of  protons  during  the  solar  flare 
continues  usually  days,  but  can  continue  for  the  separate 
flashes/bursts  to  100  hour. 
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Was  especially  in  detail  investigated  the  characteristic  of 
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solar  rays/beams  during  the  flash/burst  on  12  November,  1960.  The 
differential  energy  spectrum  of  the  components  of  this  solar  flare  is 
shown  in  Fig.  3.12;  flows  and  integral  doses  of  the  protons  of 
different  energy  are  given  in  table  3.6  [14,  25]. 

Electrons  and  bremsstrahlung  of  solar  flares  have  insignificant 
densities  and  therefore  their  dose  of  the  ionization,  which  affects 
the  equipment,  can  be  disregarded/neglected.  Thus,  the  power  of 
exposure  dose  on  the  boundary  of  the  atmosphere  for  the 
bremsstrahlung  comprises  not  more  than  10* ‘  R/s  [14,  21,  26]. 

The  degree  of  the  irradiation  of  equipment  of  space  object  by 
the  solar  ionizing  radiations  depends  on  the  probability  of  its  entry 
into  the  zone  of  the  radiation  of  solar  flare. 
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Fig.  3.12.  Differential  energy  spectrum  of  protons,  a-particles  and 
medium  nucleuies  (6:£2S9)  during  the  solar  flare  on  12  November,  1960. 

Key:  (1).  The  spectral  density  of  flow,  part . /m 2 *sr • s *MeV.  (2). 
protons.  (3).  nucleus  of  helium.  (4).  medium  nucleuies .  ££Q  /*?eV. 
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The  example  to  the  probabilities  of  the  appearance  of 
f lashes/bursts  with  the  assigned  flow  value  of  radiation/emission  for 
the  period  of  the  maximum  of  solar  activity  is  represented  in  Fig. 
3.13  [27].  The  probability  of  the  appearance  of  flashes/bursts  with 
the  given  number  of  particles  is  considerably  lower  in  the  period  of 
the  minimum  of  solar  activity. 
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Key:  (1).  Energy  E,  MeV.  (2).  Flow  of  protons  R/m*.  (3).  Integral 
dose,  rad.  (4).  Altogether. 


Fig.  3.13.  Probability  of  appearance  of  flashes/bursts  of  different 
power  in  years  of  maximum  of  solar  activity. 


Key:  (1).  Probability  of  the  appearance  of  flashes/bursts  in  the 
week.  (2).  proto-N/ml. 
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Table  3.7.  Doses  of  primary  space  and  high-energy  solar  radiations. 
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precision  determination  of  the  values  indicated. 


Key:  (1).  Type  of  radiation/emission.  (2).  Energy  of  particles,  eV. 
(3).  Mean  free  path,  kg/m3.  (4).  Annual  dose  of  ionization,  rads/yr 
(5).  surface  layer.  (6).  layer  in  10  kg/m3.  (7).  High  energy 
particles,  generated  by  solar  flare.  (8).  Protons.  (9).  Electrons. 
(10).  Bremsstrahlung .  (11).  Complete  dose  of  solar  radiation.  (12), 
Primary  cosmic  radiation.  (13).  Protons. 
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Thus,  the  data,  met  in  the  press/printing,  about  the  possible 
intensities  of  radioactivity  of  primary  space  and  solar  radiations 
can  essentially  be  distinguished.  According  to  the  data  of 
survey/coverage  [3]  Table  3.7  approximately/exemplar ily  with  an 
accuracy  to  one  order  (in  the  opinion  of  the  authors  of 
survey/coverage)  gives  maximally  possible  annual  doses  of  primary 
space  and  solar  radiations. 

The  indicated  Table  3.7  values  gives  for  the  surface  layer,  the 
layer  in  1«10~*  kg/m1  (1  mg/cm1)  and  10  kg/mJ  (1  g/cmJ )  on  the 
ionizing  effect. 

Natural  earth  radiation  belts. 

Natural  Earth  radiation  belts  are  the  vast  regions  of  the 
near-earth  outer  space,  in  which  exist  intense  flows  of  elementary 
particles  -  electrons  and  protons. 

At  present  it  is  customary  to  assume  that  there  are  to  Java 
zones  of  radiation  around  the  Earth: 


-  equatorial  belt  high(ly)-and  particle  densities  (internal 


DOC  =  83167505 


page 


radiat ion  belts ) , 

-  external  radiation  belts. 

In  Fig.  3.14,  according  to  the  data  of  Van  Allen  -  Vernov,  rhe 
picture  of  the  location  of  radiation  belts  with  respect  to  the  Earth 
is  shown.  The  same  figure  gives  the  lines  of  the  equal  particle  flux 
densities,  recorded  with  the  aid  of  a  Geiger  counter, 
arranged/located  after  the  protective  shield  with  a  thickness  of  12 
kg/m1  [3,  23,  26]. 

The  spatial  distribution  of  the  charged/loaded  particles,  which 
form  radiation  belts,  seems  in  the  form  of  tori/Torr  that  the  linin 
of  the  magnetic  field  of  the  Earth  depends  on  the  configuration  of 
power  ones.  At  large  distances  from  the  surface  of  the  Earth  (from 
0.5  to  7-10  radii)  the  magnetic  field  is  well  the  field  of  dipole.  At 
the  low  altitudes,  approximately/exemplar ily  to  2000  km,  the  magnetic 
field  strongly  differs  from  dipole.  In  view  of  this  field  of  the 
cosnuc  radiation  of  natural  radiation  belts  have  very  complex 
configuration,  and  the  flows,  the  densities  of  flows  and  the 
differential  spectra  of  elementary  particles,  which  depend,  in 
essence,  from  the  processes,  which  occur  in  the  Sun,  are  the  complex 
functions  of  the  space  coordinates,  whose  value  is  known  only  at  the 
isolated  points  of  outer  space. 
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Internal  Earth  radiation  belt  consists,  mainly,  of  protons  with 
the  energy  to  hundreds  of  mega-electron-volts.  It  is  arranged/located 
symmetrically  relative  to  magnetic  equator  and  is  limited  by  magnetic 
lines  of  force,  "proceeding"  from  the  Earth  on  the  geomagnetic 
latitude  of  approximately  45°.  Lower  boundary  of  inner  belt  depending 
on  geographic  latitude  is  located  from  the  surface  of  the  Earth  at  a 
distance  from  600  to  1500  km.  This  scatter  is  connected  with  the 
bias/displacement  of  dipole  relative  to  the  center  of  the  Earth  up  to 
the  distance  of  approximately  500  km.  Upper  boundary  of  belt/zone 
stretches  to  the  heights/altitudes  of  5000-10000  km. 

External  radiation  belts  consists  of  electrons  with  the  kinetic 
energy  to  4-5  MeV.  A  large  part  of  the  electrons  has  kinetic  energy 
on  the  order  of  hundreds  of  kiloelectronvolts . 


Fig.  3.14.  The  geometric  structure  of  natural  Earth  radiation  belts 
(Nr,  S,  -  geographical  of  the  pole  of  the  Earth;  iV«-  -  magnetic  of  the 
pole  of  the  Earth) . 
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External  radiation  belts-  is  included  between  two  surfaces,  formed  by 
the  lines  of  force  of  the  magnetic  field  of  the  Earth,  "proceeding" 
from  its  surface  on  geomagnetic  latitudes  of  69±2°  and  65±2° 
respectively  for  the  northern  and  southern  hemispheres.  Belt/zone  at 
the  heights/altitudes  of  approximately  10000  km  (near  the  geomagnetic 
equator)  begins  and  it  stretches  depending  on  solar  activity  to  the 
heights/altitudes  of  60000-85000  km. 
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Composition,  densities  of  flows  and  energy  spectra  of  particles 
in  the  radiation  belts  depend  on  the  time  variations,  connected  in 
essence  with  the  processes,  which  occur  in  the  Sun.  Therefore  changes 
in  the  intensities  of  radioactivity,  which  occur  in  the  internal  and 
external  earth  radiation  belts,  with  difficulty  yield  to  account.  For 
the  orientation  Fig.  3.15  gives  the  sufficiently  approximate 
average/mean  probable  particle  flux  densities  to  the  dependence  on 
the  geomagnetic  latitude  and  the  distances  from  the  center  of  the 
earth  [4,  23].  The  energy  spectra  of  these  radiations/emissions  can 
be  calculated  according  to  the  approximation  empirical  formulas. 


Fig.  3.15.  Densities  of  the  electron  streams  and  protons  depending  on 
height/altitude  and  geomagnetic  latitude.  To  the  left  in  the  figure 
reduced  densities  [part./mJ *s]  of  the  flows  of  protons  with  the 
energy  of  more  than  40  MeV,  to  the  right  -  the  densities  of  electron 
streams  with  the  energy  are  more  than  20  k.ev. 

Key:  (1).  Magnetic  equator.  (2).  Earth.  (3).  Protons.  (4).  Electrons. 

Page  102. 

For  the  internal  (proton)  radiation  belts  the  spectrum  of 
protons  in  the  range  of  energies  from  1  to  700  MeV  is  calculated  from 
formula  [14] 
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f(E)dE  =  1,14  E~l“dE  protons/s*cm2  ‘MeV1  ‘  ‘ .  (3.17) 

For  the  external  radiation  belts  the  differential  energy 
spectrum  of  electrons  for  the  energy  range  from  0.05  to  5  MeV  is 
equal  to  [14,  28] 

<p(£)d£=.2'  [Q^E^dE.  (3.18) 

During  the  determination  of  the  degree  of  the  effect  of  proton 
and  electronic  radiations/emissions  on  the  equipment  and  its 
completing  articles,  arranged/located  after  the  protective  shields, 
it  is  necessary  to  consider  secondary  radiation,  formed  in  the 
material  of  protection.  According  to  available  experimental  data 
[29],  the  absorbed  dose  from  secondary  particles  (in  essence, 
neutrons),  which  appear  in  aluminum  with  a  thickness  of  up  to  200 
kg/m2,  is  approximately  5-10%  of  the  complete  dose  of  proton 
radiation/emission.  In  the  case  of  applying  the  protective  materials 
with  the  large  atomic  number,  the  dose  of  secondary  radiation  can 
reach  30-40%.  The  relative  contribution  to  the  total  absorbed  dose  of 
secondary  particles  grows/rises  with  an  increase  in  the  thickness  of 
protective  shield. 

Electrons  with  the  energy  spectrum  to  5  MeV  make  an 
insignificant  contribution  to  the  total  dose  after  the  shell  of  space 
object.  However,  during  interaction  of  electrons  with  the  atoms  of 
substance  appears  the  bremsstrahlung ,  whose  penetrating  power 
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considerably  higher  than  penetrating  power  of  electrons. 

The  spectral  distribution  of  the  quanta  of  bremsstrahlung  during 
calculations  easily  is  determined  on  the  relative  contribution  X  to 
the  density  of  the  bremsstrahlung  of  different  spectral  components 
[14]  (see  Table  3.8). 

The  percentage  of  density  for  the  specific  energy  range  Table 
3.8  gives  in  the  calculation  with  respect  to  the  complete  density  of 
the  flow  of  7-quanta  of  bremsstrahlung. 
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Page  103. 

Table  3.8.  Relative  contributions  of  different  spectral 
components  to  the  density  of  the  flow  of  the  bremsstrahlung  of 
monoenerget ic  electrons. 


0,1— 0.2 
0,2— 0,3 
0,3— 0.4 

0,4— 0.5 


Table  3.9.  Dependence  of  allowance  for  the  buildup  factor  of  the 
scattered  7-quanta  from  the  energy  of  electrons  (£.) 


BejflHup* 
aoaptaMM,  % 


Key:  (1).  MeV.  (2).  Allowance,  % 
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Table  3.10.  Rates  of  the  doses  of  braking  and  electronic 
radiat ions/emissions  depending  on  the  thickness  of  shielding 
spherical  screen  from  graphite,  mrad/h. 
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2  480 
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82,4 

48,6 
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Key:  (1).  Thickness  of  screen,  kg/m1.  (2).  Electronic 
radiation/emission.  (3).  Bremsstrahlung .  (4).  Complete 
radiation/emission. 
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Table  3.11- 

Doses  of  the  ionizing  radiations/emissions  of  internal  and  external 
Earth  radiation  belts. 

Note.  The  question  mark  means  a  not  quite  precise  determination 
of  the  indicated  values. 
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Key:  (1).  Type  of  radiation/emission.  (2).  Energy  of  particles,  eV . 

(3).  Mean  free  path  of  particles,  kg/m2.  (4).  Annual  dose  of 
ionization,  rads/yr.  (5).  surface  layer.  (6).  layer  in  kg/m2. 

(7).  Internal  radiation  belts.  (8).  Protons.  (9).  Electrons.  (10). 
Bremsstrahlung.  (11).  Complete  radiation/emission. 
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For  evaluating  the  contribution  to  the  total  power  table  3.10 
shows  the  doses  of  electronic  and  bremsstrahlung  (taking  into  account 
correction  for  the  buildup  factor  of  scattered  7-quanta,  Table  3.9) 
for  the  comparison  of  the  power  coefficient  of  exposure  doses  after 
the  protective  shields  of  the  spherical  form  of  different  thickness, 
prepared  from  graphite. 

It  follows  from  these  data  that  with  the  screens  with  the 
thickness  of  less  than  10  kg/m1  the  basic  contribution  to  the  total 
power  of  dose  give  the  electrons,  and  with  the  thicknesses  more  than 
10  kg/m1  the  7-quanta  of  bremsstrahlung  give. 

* 

In  conclusion  Table  3.11  gives  for  information  tentative  data 
(with  the  accuracy  approximately  one  order)  of  maximally  possible 
annual  doses  of  the  ionizing  radiations/emissions  internal  and 
external  radiation  m  of  the  belts/zones  of  the  Earth  [3]. 

Radiation  of  the  artificial  belts/zones  of  the  Earth. 

Artificial  radiation  belts  are  formed  as  a  result  of  nuclear  and 
thermonuclear  explosions  at  high  heights/altitudes.  The  volume  of 
space,  occupied  by  artificial  belt/zone,  is  determined  by  the  power 
of  ammunition  and  depends  on  the  coordinates  of  the  center  of 
explosion. 
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Artificial  belt/zone,  in  essence,  consists  of  electrons.  Fission 
fragments,  which  are  the  unstable  isotopes  of  different  chemical 
elements,  subjected  to  /3-decay,  are  the  sources  of  these  electrons 
predominantly. 
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Table  3.12.  The  integrated  spectrum  of  the  electrons,  which  are 
formed  with  the  /3-decay  of  fission  fragments. 


_  (o 

SneprHH  sJieKTpo- 
hob  E,  Mas 

0 

l 

2  ' 

3 

Hand  sjteKTpoHOB  c 
sneprHeft  6oJiee 
£.  •/• 

100 

1  47 

j  20 

7,7 

2.7 

55~ 

3HeprHH  sJienTpo- 
hob^£,  Mae 

5 

6 

7 

a 

9 

leKtpoBOB  c  | 
SHeprttefl  Ckmee 
£.  •/» 

0,84 

0,24 

i  6,0- 10-1 

l  ,3- 10“ * 

2.4-10-* 

Key:  (1).  Energy  of  electrons  E,  MeV.  (2).  Portion  of  electrons  with 
energy  is  more  than  E,  %. 
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The  energy  spectrum  of  electrons  (characteristic  for  the  /3-decay  of 
fission  fragments  stretches  to  the  energies  of  10  MeV.  The  integrated 
spectrum  of  the  electrons  of  fission  fragments  is  given  in  Table 
3.12. 


The  density  of  electron  stream  depends  on  the  explosive  force, 
sizes/dimensions  of  belt/zone  and  capture  efficiency  of  electrons  by 
magnetic  field.  During  the  determination  of  possible  electron  streams 
it  is  necessary  to  consider  that  the  intensity  of  the 
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radiation/emission  of  the  seized  particles  cannot  exceed  the  density 
of  magnetic  energy. 

A  radius  of  the  dispersion/divergence  of  fission  fragments 
determines  the  sizes/dimensions  of  artificial  radiation  belts.  A 
maximum  radius  of  the  dispersion/divergence  of  fission  fragments  in 
the  direction,  perpendicular  to  the  magnetic  intensity  of  the  Earth, 
can  be  calculated  from  formula  [22] 

1 

R  =  51,2  (3.19)  | 

where  R  -  radius  of  the  fragmentation  pattern,  km; 

q  -  power  of  ammunition,  km; 

B  -  magnetic  induction,  G. 

However,  not  all  fission  fragments  participate  in  the 
formation/education  of  artificial  Earth  radiation  belt,  since  only 
the  particles,  which  have  sufficiently  large  slope  angles  between  the 
particle  speed  and  the  line  of  force  of  magnetic  field,  are  seized  by 
the  magnetic  field  of  the  Earth.  Thus,  for  instance,  during  the 
nuclear  explosion,  carried  out  as  a  result  of  operation/process 
"Starfish",  by  magnetic  field  the  Earth  were  seized  r  ly  several 
percentages  of  a  total  number  of  chosen  electrons. 
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The  rate  of  the  /3-decay  of  fission  fragments,  which  determines 
the  rate  of  formation  of  artificial  radiation  belts,  it  is  estimated 
with  the  aid  of  following  approximation  [41]: 

iV.w(l,96+l,17f)-,e-0-0,<‘, 
where  jV,  -  quantity  of  electrons; 


t  -  time  after  explosion,  s. 


The  lifetime  of  artificial  belt/zone  is  determined  by  the 
lifetime  of  electrons.  According  to  the  estimation  conducted  che 
lifetime  of  the  electrons  of  artificial  belt/zone  can  comprise  to  one 
even  more  than  years  [30,  31]. 


Page  107. 


The  first  artificial  radiation  belts  was  formed  as  a  result  of 
three  nuclear  explosions  with  the  TNT  equivalent  1-2  kt  at  the 
height/altitude  of  approximately  500  km.  According  to  the 
calculations  the  density  of  electron  stream  in  this  belt/zone 
comprised  approximately/exemplar ily  3*10’  electrons/s *m 2 .  Belt/zone 
existed  several  months  [32-34]. 


The  most  powerful/thickest  artificial  radiation  belts  was  formed 
on  9  July,  1962,  at  the  height/altitude  of  400  km  as  a  result  of 
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conducting  the  operation/process  "Starfish"  (explosive  force  1.4  Mt . ) 
[31,  35-39].  The  maximum  density  of  electron  stream  with  the  energy 
of  above  40  keV  reached  the  values  approximately/exemplar ily  10 13 


electrons/s  ^m1 . 


DOC  =  83167505 


PAGE 


/Zf 


0  BO  m  2W 

(*)  Spent ,  cymxu 


Fig.  3.16.  Change  in  the  density  of  the  electron  stream  and  power  of 
exposure  dose  in  the  time  after  nuclear  explosion  with  power  1.4 
at  the  height/altitude  of  400  km  (for  the  circular  polar  orbit). 
Curve  corresponds  to  the  expected  average/mean  value. 

Key:  (1).  rads/'day.  (2).  electron/m2  *s .  (3).  Time,  days. 

Page  108. 

The  middle  part  of  the  belt/zone  was  found  in  the  plan-  : 
geomagnetic  equator  at  the  height/altitude  of 
approximately/exemplar ily  800  km;  its  edge  were 
approx imately  300  km.  The  thickness  of  belt,  zone  *  - 
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650  km,  width  -  about  6500  km. 

Artificial  belt/zone  poured  with  the  inner  belt  of  natural 
radiation  at  the  height/altitude  of  approximately  1100  km.  As  a 
result  of  forming  this  belt/zone  the  region  of  maximum  electron 
density  was  displaced  from  the  height/altitude,  which  corresponds  to 
maximum  electron  density  in  the  external  radiation  belt,  to  the 
height/altitude  of  1100  km.  From  9  July  to  the  end/lead  of  August  of 
1962  the  density  of  electron  stream  in  the  belt/zone  was  lowered  by 
50%.  The  character  of  a  change  in  the  density  of  the  electron  stream 
and  power  of  exposure  dose  in  the  time  after  explosion  is  shown  in 
Fig.  3.16  [39,  40], 

From  the  analysis  of  existing  knowledges  about  it  is  ionized  X 
cosmic  radiation  evident  that  at  present  on  the  basis  of  these  data 
it  is  possible  to  produce  only  the  rough  estimate  of  the  intensities 
of  radioactivity,  which  can  act  on  radio-electronic  equipment  of 
space  objects. 

Page  109. 

4.  Change  in  the  properties  of  materials  and  elements/eelis  of 
radio-electronic  equipment  under  the  effect  of  the  ionizing 
radiat ions/ emioo ions . 
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Radio-electronic  equipment,  which  is  located  in  the  zone  of  the 
effect  of  the  ionizing  radiations/emissions,  can  substantially  change 
its  parameters  and  go  out  of  order.  These  damages  occur  as  a  result 
of  changing' the  physical  and  chemical  properties  of  the  radio 
engineering  (semiconductor,  insulating,  metallic,  etc.)  materials, 
parameters  of  instruments  and  elements/cells  of  electronic 
engineering,  articles  of  electrical  engineering  and  radio-electronic 
circuit  dev ices/ equipment. 

The  ability  of  articles  to  fulfill  their  functions  and  to  retain 
the  characteristics  and  the  parameters  within  the  limits  of  the 
established/ installed  norms  during  and  after  the  effect  of  those 
ionizing  radiation/emission  is  called  radiation  durability. 

The  degree  of  radiation  damages  in  the  irradiated  system  depends 
both  on  the  content  of  energy,  transmitted  during  irradiation,  and  on 
the  speed  of  transmission  of  this  energy.  A  quantity  of  absorbed 
energy  and  the  speed  of  transmission  of  its  in  turn  depend  on  form 
and  parameters  of  radiation/emission  and  nuclear  physics 
characteristics  of  the  substances,  from  which  is  prepared  the 
irradiated  object. 
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Let  us  examine  the  processes,  which  occur  in  the  materials  1  and 
the  radioelements  under  the  action  of  different  forms  of  the  ionizing 
radiations/emissions.  In  this  case  by  materials  are  implied  the 
substances,  from  which  aue  prepared  the  elements  of  the 
constructions/designs  of  radio-electronic  equipment,  and  the 
substances,  which  form  part  of  the  environment  (for  example,  air, 
etc. ) . 

FOOTNOTE  1 .  For  the  purpose  of  reduction  subsequently  we  will  use 
term  radioelements  or  simply  elements/cells,  implying  by  it 
instruments  and  elements/cells  of  electronic  engineering  and  article 
of  electrical  engineering.  ENDFOOTNOTE. 

Page  110. 

4.1.  Radiation  damages  in  materials  and  elements/cells  of  equipment. 

Defects  in  the  materials  under  the  influence  on  them  of  the  ionizing 
radiat ions/emissions . 

All  forms  of  electromagnetic  and  corpuscular  radiation,  passing 
through  the  substance,  interact  either  with  the  atomic  nuclei  or  with 
the  orbit  electrons,  leading  to  a  change  in  the  properties  of  the 
irradiated  substance. 
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The  primary  and  secondary  stages  of  this  process  usually  are 
distinguished.  Primary  stage,  or  direct  effect,  consists  of  the 
electron  excitation,  of  the  atomic  displacement  from  the  lattice 
points,  in  atomic  excitation  and  molecules  and  in  the  nuclear 
conversions.  Secondary  processes  consist  of  further  excitation  and 
damage  of  structure,  dislodged/chased  (displaced)  "of  their  places" 
by  atoms,  by  ions  and  with  elementary  particles  as  a  result  of 
primary  processes.  Laws,  by  which  they  are  subordinated,  the  same  as 
the  laws,  which  control  the  primary  stages  of  process.  Thus, 
particles  or  high-energy  quanta  can  cause  cascade  process  with  the 
format ion/ education  of  a  large  number  of  displaced  atoms,  vacancies, 
ionized  atoms,  electrons,  etc. 

The  contemporary  interpretation  of  changes  in  the  properties  of 
substances,  which  appear  as  a  result  of  interaction  of  the  ionizing 
radiations/emissions,  is  based  on  the  examination  of  the  process  of 


forming  different  defects  in  the  material. 

Radiation  changes  in  the  materials  are  the  following:  vacancy 
(vacant  sites);  impurity  atoms  (admixed  atoms);  collision  during  the 
substitutions;  thermal  (thermal)  peaks;  the  peaks  of 
bias/displacement  and  ionizing  effects.  Physics  of  these  processes  is 
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described  in  labor/works  [1-6];  therefore  let  us  pause  briefly  at 
their  characteristic. 

Vacancy  is  the  lattice  point,  in  which  atom  or  ion  is  absent. 
Vacant  sites  can  be  formed  during  the  collision  of  high  energy 
particles  with  the  atoms  of  solid  body  as  a  result  of  the  what  in  the 
lattice  latter  they  can  be  formed  empty  places. 

Page  111 . 

If  energy  of  displaced  atom  is  sufficiently  great,  then  atom  during 
the  subsequent  collisions  creates  the  supplementary  empty  places  in 
the  lattice.  Consequently,  primary  collisions  can  produce  the 
cascade/stage  of  the  collisions,  which  lead  to  the  formation  of 
vacancies  (to  initiate). 

Interstitial  atoms  -  these  are  the  atoms,  which,  after  being 
displaced  from  their  equilibrium,  stable  positions  in  the  lattice, 
are  braked  in  the  intermediate  or  nonequilibrium  positions.  If  they 
do  not  recombine  immediately  with  the  adjacent  empty  place,  then  they 
can  remain  in  the  intermediate,  unstable  position. 

A  question  about  the  form  of  the  existence  of  surplus, 
dislodged/chased  from  their  normal  positions  in  the  lattice,  atoms  is 
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sufficiently  difficult.  Thus,  for  instance,  in  tight  packings, 
characteristic  for  the  metals,  there  is  no  sufficient  space  for 
positioning/arranging  these  excess  atoms.  Therefore  their  location 
inside  the  cell  leads  either  to  a  sharp  increase  in  its  volume  with 
the  retention/preservation/maintaining  of  form  or  to  the  distortion 
of  the  form  of  cell;  the  latter  can  cause  the  disturbance/breakdown 
of  the  stability  of  the  surrounding  this  cell  configuration.  There 
were  the  assumptions  that  in  this  case  the  surplus  atom  displaces  one 
of  the  atoms  of  adjacent  cell  so  that  both  of  them  together  occupy 
the  place  of  one  structural  lattice  point.  It  is  assumed  in  the 
representation  about  so-called  crovdions  that  the  intermediate  atom 
is  included  in  the  composition  of  the  atomic  series/row  of  tight 
packing,  i.e.,  in  certain  section/segment  of  this  series/row  instead 
of  the  n  atoms  it  is  placed  n+1  atoms,  the  atoms  of  series/row 
testing/experiencing  appropriate  relaxation  [6]. 


Vacancies  and  interstitial  atoms  can  move  in  the  crystal. 

Vacancy  is  moved  via  transfer  of  adjacent  atom  into  the  vacancy.  The 
motion  of  interstitial  atom  can  be  more  complicated.  For  example,  in 
the  solid  solutions  the  interstitial  atom  of  solute  jumps  of  one 
interstice  into  the  adjacent.  The  formed  defects  can  aggregate,  i.e., 
to  form  vapors  or  complexes,  which  contain  several  vacancies. 
Vacancies  and  interstitial  atoms  can  be  associated  with  the  edge 
dislocations  or  the  boundaries  of  complicated  dislocations.  In  this 
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case  they  form  steps/stages  on  the  dislocation  line.  Such 
steps/stages  have  opposite  directions  and  can  be  moved  along  the 
dislocation  line  until  they  are  encountered  and  eliminate  each  other. 

Page  112. 

Vacancies  and  interstitial  atoms  can  also  form  the  "atmospheres" 
around  the  dislocations.  Furthermore,  vacancies  can  be  connected  with 
the  interstitial  atoms.  Such  connected  vacancies  retard  the  diffusion 
of  some  admixtures/impurities. 

The  atoms  of  different  admixtures/ impurities  are  formed  as  a 
result  of  the  nuclear  reactions,  which  take  place  in  essence  during 
irradiation  by  neutrons,  and  also  by  introduction  to  solid  body  of 
the  fragments,  which  are  formed  in  the  process  of  division.  Nuclear 
reactions  lead  to  the  formation  of  the  atomic  decay  products, 
radioactive  and  stable  isotopes.  Being  introduced  in  the  lattice  of 
the  irradiated  substance,  they  can  considerably  change  its 
properties.  For  example,  gaseous  decay  products  (helium,  xenon,  etc.) 
are  accumulated/stored  in  the  form  of  pores  and  bubbles  in  the 
substances,  as  a  result  of  which  the  form  of  one  or  the  other  article 
even  changes,  and  hermetic  sealing/pressurization  can  be  destroyed  in 
the  hermetically  sealed  elements/cells. 
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Collisions  during  the  substitutions.  If  the  collision  between 
those  moving  by  the  taking  root  atom  and  atom  of  the  lattice  point 
leads  to  the  fact  that  the  latter  escapes  from  its  stationary 
position,  and  interstitial  atom  loses  kinetic  energy  to  this  value, 
which  is  insufficient  for  the  removal/distance  of  this  atom  from  the 
vacancy  formed  by  it,  then  interstitial  atom  recombines  with  the 
formed  vacancy. 

In  this  case  it  scatters  its  kinetic  energy  -  in  the  form  of 
thermal  lattice  vibrations.  In  this  case  does  not  appear  new  defect, 
but  occurs  the  atomic  substitution,  which  leads  to  the  disordering  of 
crystal  lattice. 

Thermal  peaks.  The  appearance  of  this  damage  of  structure  is 
caused  by  the  oscillations  of  the  lattice  points.  These  oscillations 
appear  along  the  path  of  motion  of  fast  particle  (fragment  from  the 
nuclear  fission,  or  charged/loaded,  dislodged/chased  from  its  atom 
site  of  lattice)  in  crystal  lattice.  The  atom,  which  during  the 
collision  obtains  the  impulse/momentum/pulse,  sufficient  only  for  an 
increase  in  the  amplitude  of  its  oscillation  around  the  point  of 
lattice  (but  insufficient  for  its  bias/displacement  from  the 
node/unit),  it  transfers  energy  to  the  adjacent  atoms,  which  in  this 
case  become  highly  excited.  The  release  of  considerable  energy  occurs 
as  a  result  in  the  limited  volumes  of  substance  (on  the  order  of 
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10'17  cm3). 

Page  113. 

The  conversion  of  this  energy  into  the  heat  can  in  the  region,  which 
contains  several  thousand  atoms,  lead  to  the  large  overheatings 
(approximately/exemplarily  to  1000°K),  which  exist  during  from  10' 11 
to  10' 14  s.  The  region  of  excitation  is  expanded  subsequently,  which 
leads  to  a  sharp  temperature  drop. 

This  process  is  called  also  thermal  wedge,  since  in  this  case 
rapid  heating  occurs  and  hardening/quenching  the  insignificant  volume 
of  substance.  The  fact  that  they  stimulate  the  diverse 
physicochemical  processes,  which  require  under  the  normal  conditions 
of  high-temperature  heating,  is  the  distinctive  special 
feature/peculiarity  of  thermal  peaks. 

The  peaks  of  bias/displacement  can  be  formed  at  the  end  of  the 
landing  run  of  the  moving/driving  atoms,  when  kinetic  energy  of  atom 
becomes  less  than  the  transition  energy  (which  depends  on  atomic 
number)  atom  into  the  new  state;  the  mean  pathlength  of  the  mean  free 
path  between  the  collisions,  which  lead  to  the  biases/displacements, 
by  order  of  value  it  approaches  an  interatomic  distance.  Thus,  each 
collision  leads  to  the  formation  of  displaced  atom  and  the  final  part 
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of  the  path  of  the  landing  run  of  the  moving/driving  atom  is  the 
region,  which  contains  from  thousand  to  tens  of  thousands  of  atoms, 
in  which  during  the  very  short  time  interval  occurred  the  local 
melting  of  the  lattice  of  substance  and  turbulent  mixing. 

They  assume  [1]  that  the  vacancies  and  the  taking  root  atoms 
will  be  "reconstructed"  in  this  region,  being  mutually  recombined, 
and  lattice  imperfections  in  the  form  of  the  loops  of  dislocations  or 
small  disoriented  regions  will  remain.  Such  phenomena,  called  also 
wedges  of  bias/displacement,  have  a  value,  probably,  only  in  the 
processes,  which  occur  in  the  heavy  metals. 

Ionizing  effects.  All  ionizing  radiations/emissions ,  passing 
through  the  substances,  cause  ionization  and  electron  excitation. 

The  ionization,  caused  by  the  effect  of  the  ionizing 
radiations/emissions,  is  the  process  of  the  formation  of 
electron-hole  pairs,  free  ions  and  electrons  in  the  substance  as  a 
result  of  the  interruption/discontinuity  of  interatomic  bonds, 
disruption/separation  of  electrons  from  the  electron  shells. 

Page  114. 

Simultaneously  with  the  ionization  continues  the  process  of 
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recombination  of  ions,  i.e.,  the  formation  of  neutral  atom  from  the 
positive  ion  and  the  electron.  The  more  are  formed  the  charged/loaded 
particles,  the  greater  the  possibility  of  their  collision,  and 
consequently,  the  process  of  recombination  more  rapidly  continues. 

Therefore  during  irradiation  by  const  t  dose  rate  in  some 
substances  (for  example,  in  the  gases)  car  e  observed  the 
equilibrium  of  positively  and  negatively  c  ged/loaded  particles,  in 
which  a  number  of  newly  forming  ion  pairs  will  be  on  the  average 
equal  to  a  number  of  recombined  ions  (particles).  In  particular,  in 
the  atmosphere  of  the  Earth  because  of  the  effect  of  natural  of  those 
ionizing  radiation/emission  with  the  gaseous  products  are  always 
ions,  whose  content  composes  order  10*-10l#  ions  in  the  cubic  meter 
(lC^-lO4  ions/cm1). 

The  processes  of  ionization  in  turn  in  some  substances  can  lead 
to  the  bond  breaking  and  the  formation  of  free  radicals,  the  chemical 
reactions,  the  luminescence,  the  emergence  of  the  diverse  color 
centers,  photoconductivity,  an  increase  in  the  temperature,  the 
change  in  the  crystalline  anisotropy  and  other  changes  in  the 
properties  of  substances. 

All  disturbances/breakdowns  examined  in  the  materials  will 
depend  on  the  character  of  the  interaction  of  different  forms  of 


DOC  =  83io7505 


PAGE 


radiation/emission  with  the  atoms  of  one  or  the  other  substance. 

Forms  of  radiation  damages. 

The  radiation  damages,  which  lead  to  the  reversible 
( temporary/t ime /  and  irreversible  { res idual/remanent )  changes  in 
their  electrical  ones,  etc.  of  the  parameters  (Fig.  4.1),  appear  as  a 
result  of  the  effect  of  the  ionizing  radiations/emissions  in  the 
materials,  the  elements/cells  and  the  schematics  of  radio-electronic 
equipment . 

The  reversible  changes  incl  'de  the  changes,  which  attack  in  the 
materials,  elements/cells  and  diagrams  simultaneously  since  the 
beginning  of  the  irradiations,  which  are  preservable  in  the  period  of 
irradiation  and  virtually  which  disappear  after  the  break-down  of  the 
ionizing  radiation/emission  or  its  sharp  weakening  (Fig.  4.1a).  The 
reversible  changes,  as  a  rule,  are  the  consequence  of  the  ionization 
of  the  materials  and  the  environment. 

Page  115. 

The  common  picture  of  the  effects  of  ionization  under  the  influence 
of  different  forms  of  the  ionizing  radiations/emissions  is  shown  in 
Fig.  4.2.  The  quantitative  estimation  of  the  reversible  changes  can 
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be  determined  on  the  effect  of  ionization.  Under  the  influence  of 
different  forms  of  the  ionizing  radiations/emissions  the  effect  of 
ionization  depends  on  state  of  aggregation  of  substance.  The 
average/mean  values  of  energy  for  one  ionizing  event  for  the 
substances  in  the  gaseous  state  are  given  in  Table  4.10,  for  the 
solid  dielectrics 

or  the  semiconductors  the  medium  energy  of  ionization  is 
approximately/exemplarily  equal  to  the  triple  value  of  width  of 
forbidden  band,  for  the  metals  -  about  10-20  ev. 

The  reversible  changes  become  apparent  in  an  increase  in  the 
concentration  of  the  current  carriers,  leading  to  the  increase 
leak/leakage  and  a  reduction  in  resistance  in  the  insulating, 
semiconductor,  conducting  materials  and  the  gas-filled  gaps.  The 
ignition  voltages  in  gas-discharge  instruments  decrease  as  a  result 
of  these  changes,  anode  current  in  vacuum-tube  instruments 
grows/rises,  decrease  resistances  of  resistors,  inverse  currents  in 
semiconductor  devices  grow/rise,  increase  (due  to  the  supplementary 
radiation  heating)  winding  impedances  of  transformers,  engines,  etc. 

The  quantitative  values  of  changes  in  the  electrical  parameters 
of  each  type  of  element/cell  are  determined  by  rate  of  dose  or  by 
radiation  flux  density  and  depend  on  the  pulse  duration. 
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Fig.  4.1.  Forms  of  changes  in  the  properties  of  materials  and 
radioelectronic  elements  under  the  influence  of  the  ionizing 
radiations/emissions:  a)  reversed,  b)  not  reversed,  c)  the  partially 
restorable  changes. 


Key:  (1).  Rate  of  dose  or  flow.  (2).  Duration  of  irradiation. 
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Under  the  radiation  effect  the  recombination  of  charge  carriers 
simultaneously  with  the  ionization  occurs,  which  leads  to  the 
decrease  of  their  density.  After  the  break-down  of  radiation/emission 
occurs  a  reduction  in  the  density  of  charge  carriers,  the  velocity  of 
decrease  in  which  is  determined  by  the  properties  of  the  materials, 
used  in  the  elements/cells. 


Recovery  time  of  the  parameters  also  depends  on  the  rate  of  dose 
or  radiation  flux  density.  As  a  result  of  the  ionizing  processes  (at 
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the  specific  densities  of  flows)  the  reversible  changes  in  the 
radioelements  and  the  materials  can  lead  to  the  temporary/time  or 
total  loss  of  efficiency  of  equipment.  For  example,  with  the  intense 
radiation  can  occur  the  erroneous  starting/launching  of  thyratron, 
etc. 


The  degree  of  a  change  in  the  parameters  also  depends  on  the 
relationship/ratio  between  the  duration  of  irradiation  and  the 
relaxation  time,  i.e.,  the  spontaneous  recovery  rates  of  the 
properties  of  material.  If  the  duration  of  pulse  irradiation  is  less 
than  the  relaxation  time,  then  these  changes  are  determined  mainly  by 
rate  of  dose  or  by  radiation  flux  density  [7]. 
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Fig.  4.2.  Effects  of  ionization  under  the  influence  of  the  ionizing 
radiations/emissions  on  the  materials.  Gamma-quanta:  a)  photo  effect, 
b)  the  Compton  effect,  c)  the  effect  of  pair  formation  electron  - 
positron.  Neutrons,  protons,  electrons;  d)  ionization  with  the  atomic 
displacement  (during  the  collisions  of  neutron  with  the  nucleus),  e) 
ionization  during  interaction  of  the  charged/loaded  particles  with 
the  electrons  of  atom. 

Page  117. 

Irreversible  changes  -  this  of  a  change  in  the  electrical 
parameters  of  radioelements,  materials  and  circuits,  that  appear 
simultaneously  since  the  beginning  of  the  irradiations,  which 
increase  with  an  increase  in  the  absorbed  energy  of 
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radiation/emission  and  which  are  preservable  partially  or  completely 
after  the  cessation/discontinuation  of  irradiation  (Fig.  4.1b). 
Irreversible  injuries  are  connected  with  changes  in  the  structure  of 
the  materials,  from  which  are  prepared  the  radioelements.  The  effect 
of  the  ionizing  radiations/emissions  on  the  organic  materials  leads 
mainly  to  the  transformation  of  molecules  in  these  materials,  which 
is  accompanied  by  the  chemical  reactions,  which  call  the  irreversible 
changes  in  nature  of  substance. 

In  the  semiconductor  and  inorganic  materials  the  changes  under 
the  effect  of  irradiation  are  explained  mainly  by  the  damage  of  the 
structure  of  crystal  lattice  of  substance.  Data  of 

disturbance/breakdown  are,  apparently,  consequence  in  essence  of  the 
format ion/education  of  defects  in  crystal  lattice.  The  graphic 
representation  of  the  mechanism  of  atomic  displacement  in  crystal 
lattice  is  given  in  Fig.  4.3. 

Defects  in  crystal  lattice  usually  are  evaluated  according  to  a 
number  of  displaced  atoms  in  the  material.  A  quantity  of  displaced 
atoms  per  unit  of  volume  of  material  under  the  influence  of  different 
forms  of  the  ionizing  radiations/emissions,  in  accordance  with  the 
conventional  theory  of  the  formation/education  of  simple  point 
biases/displacements ,  can  be  calculated  by  the  formula,  given  in  work 
[15],  namely: 
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^=Jf  (E)tq,d{E)v{E)dE,  (4.1) 

where  JVd  -  number  of  the  displaced  atoms,  which  appear  per  unit  of 
volume  of  substance  under  the  influence  of  the  flow  of  the  ionizing 
radiations/emissions; 

<p (E)dE  -  density  of  the  flow  of  the  ionizing  radiations/emissions 
with  the  energy  from  E  to  E+AE; 


q  -  number  of  atoms  per  unit  of  volume  of  substance; 


v(E)  -  an  average  number  of  displaced  atoms  to  one  report/event  of 
interaction  of  £he  ionizing  radiation/emission  with  the  substance; 

t  -  duration  of  the  irradiation  of  substance. 
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Integral  in  formula  (4.1)  is  taken  along  entire  energy  spectrum 
of  the  affecting  radiation/ emission.  In  the  radioelements  frequently 
the  effect  of  irreversible  injuries  is  determined  with  respect  to  a 
change  in  the  parameters  of  materials,  most  sensitive  to  this  form  of 
radiation/emission.  In  works  [8-10]  shown  that  the  irreversible 
changes  in  the  materials  depend  only  on  absorbed  energy  (absorbed 
dose  or  radiant  flux  and  its  energy),  i.e.,  they  carry  cumulative 
character.  However,  these  conclusions/outputs  are  insufficiently 
precise. 

In  a  number  of  cases  the  irreversible  injuries  of  radioelements 
can  depend  on  the  rate  of  dose  or  density  of  the  flow  of  the  ionizing 
radiations/emissions.  Thus,  for  instance,  at  the  large  exposure  rate 
can  occur  the  breakdown  of  air  gap,  which  is  located  under  high 
voltage,  the  burning  of  the  contacts  of  relay,  etc. 

During  irradiation  of  lubricating  oils  at  high  temperatures  it 
was  established/installed  [11],  that  the  resistance  of  oils  to 
oxidation  depends  on  the  power  of  the  exposure  dose  of 
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gamma-irradiation  in  the  identical  total  exposure  dose,  equal  to 
1.2-10*  R. 

The  rate  of  the  course  of  chemical  processes  in  the 

e 

high-molecular  organic  matter  depends  on  the  concentration  of  free 
radicals,  which  in  turn  depends  on  the  rate  of  required  work,  i.e. 
the  power  of  the  absorbed  dose. 

The  irreversible  changes  lead  to  the  partial  or  total  loss  of 
efficiency  of  radioelements  and  diagrams. 
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Fig.  4.3.  The  defects  of  bias/displacement  under  the  influence  of  the 
ionizing  radiations/emissions:  a)  the  atomic  displacement  of  lattice; 
b)  the  formation/education  of  energy  levels;  1  -  atom  of  lattice,  2  - 
vacancy,  3  -  introduction,  4  -  interacting  particle,  NEU  -  the  lower 
electrical  level  of  the  zone  of  conductivity,  VEU  -  the  upper  energy 
level  of  valence  band,  DEU  -  donor  energy  level,  AEU  -  acceptor 
energy  level. 

Page  119. 

They  also  can  lead  to  a  deterioration  in  such  important 
characteristics  as  service  life,  period  of  storage,  thermo-  and 
hydrostability,  reduction  in  the  mechanical  strength,  reliability, 
etc.  Thus,  for  instance,  disturbances/breakdowns  of  shielding 
insulating  ones  coating  radio  parts  and  glass  cylinders  of 
vacuum-tube  instruments  (appearance  of  microcracks,  difficultly 
detected  in  the  process  of  irradiation)  can  lead  to  a  noticeable 
change  of  the  properties  of  elements/cells  in  the  process  of 
operation. 
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Is  feasible  the  third  form  of  a  change  in  the  properties  of 
materials  and  radioelements  (Fig.  4.1c).  A  change  in  the  properties 
begins  simultaneously  since  the  beginning  of  the  irradiation,  is 
developed  with  an  increase  in  the  absorbed  energy  and  in  the  specif i 
time  after  the  termination  of  irradiation  partially  or  completely 
disappears.  For  example,  after  the  irradiation  of  organic  materials 
by  the  impulse/momentum/pulse  of  penetrating  radiation  with  the  powe 
of  the  exposure  dose  of  10’  r/s  [12]  the  restoration/reduction  of 
conductivity  occurred:  to  10%  of  equilibrium  value  for  polyethylene 
after  3  min,  for  the  polytetraf luoroethylene  after  6  hours,  for  the 
polystyrene  after  3  hours  and  for  the  polymethyl  methacrylate  after 
10  hours;  to  1%  of  equilibrium  value  for  the  same  materials  after  30 
min,  35,  20  and  50  hours  respectively. 

Thus,  the  degree  of  the  effect  of  the  ionizing 
radiations/emissions  on  the  materials,  the  radioelements  and  the 
diagrams  under  given  conditions  for  operation  and  electrical 
modes/conditions  depends  on  the  form  of  the  affecting 
radiation/emission,  dose  or  flow,  rate  of  dose  or  particle  flux 
density  (quanta),  energy  distribution  of  radiation  along  the 
spectrum,  and  also  on  nature  of  the  irradiated  object  (structure  of 
substance,  construction  of  element/cell,  its  technology  of 


DOC  =  83167506 


PAcs^y/ 

production)  and  the  environmental  conditions  (temperature,  pressure, 
humidity,  etc. ) . 

Depending  on  the  form  of  radiation/emission  and  its  energy  the 
processes  in  the  radioelements  and  the  materials  can  occur  throughout 
entire  volume  or  in  the  surface  layer.  In  particular,  neutrons  and 
7-quanta  possess  high  penetrability  and  therefore  the  changes  caused 
by  them  in  the  specific  volumes  prove  to  be  distributed  on  entire 
object,  i.e.,  they  carry  volumetric  character  and,  naturally,  they 
can  produce  surface  effects.  The  effects  of  a-particles  and  fragments 
of  nuclei,  as  a  result  of  a  small  mean  free  path  in  the  substance, 
have  surface  character. 

Page  120. 

The  depth  of  the  effect  of  protons  and  electrons  in  the  substance  to 
a  great  degree  is  determined  by  their  energy  and  processes  of 
emergence  in  this  material  of  the  secondary  ionizing 
radiations/emissions  (neutrons,  7-quanta,  etc.),  and  consequently, 
defects  in  the  materials  can  appear  in  the  surface  layer  and 
throughout  entire  volume. 

Together  with  the  direct  damage  of  the  structure  of  materials 
during  irradiation  by  their  ionizing  radiations/emissions,  a  change 
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in  the  properties  occurs  also  as  a  result  of  different  kind  of  the 
physicochemical  processes,  which  most  strongly  become  apparent  during 
irradiation.  A  number  of  such  processes  includes:  radiation  heating, 
emergence  of  color  centers,  change  in  the  anisotropy  of  the 
properties  of  crystalline  substances,  oxidations,  structuring  and 
destruction  (in  the  polymers),  decomposition  of  materials, 
luminescence,  etc. 

Heating  radioelements  occurs  as  a  result  of  the  conversion  of 
absorbed  energy  of  the  ionizing  radiation/emission  into  the  thermal. 

A  quantity  thermal  energy,  that  remains  (isolating)  in  the  article, 
proportional  to  the  density  of  the  flow  (dose  rate)  of 
radiation/emission  and  for  the  case  of  short-term  irradiation  can  be 
determined  from  the  expression 

Q  =  <P  KiVi  7T*  (4  2) 

f=i  1=1 

where  Q  -  quantity  of  isolated  thermal  energy,  W; 

<p  -  particle  flux  density  (quanta)  of  the  ionizing 
radiation/emission,  part./mJ‘s; 

Vi—  volume  of  the  i  material,  mJ; 

m,  and  pi  —  mass  and  the  density  of  the  i  material; 
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Kt  —  coefficient  of  the  heat  release  of  the  i  material,  W*s/m*part.; 

n  -  quantity  of  materials,  entering  the  article. 

For  the  case  of  the  prolonged  irradiation  of  article  in  the 
vacuum  conditions  a  quantity  of  thermal  energy,  which  remains  in  the 
article,  can  be  determined  from  the  expression: 

«  =  <3  - =  f  V  K,  =*■—,<  - •.=/", .  (4.3) 

(-1 

Page  121. 

Here  ex  and  e,  -  emissivity  from  external  m  and  internal  surface  of 
article; 

Tt  and  T,  -  temperature  of  the  external  and  internal  surface  of 
article; 


9  =  5,78- 10-*  W/mJ  «h*K°  . 


The  coefficient  of  heat  release  for  this  form  of  the  ionizing 
radiation/emission  depends  in  essence  on  nature  of  the  irradiated 
material.  Thus,  for  instance,  during  irradiation  by  penetrating 
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gamma-neutron  radiation  (with  the  fission  spectrum)  of  articles  made 
of  the  heavy  materials  (in  particular,  metals)  determining  is 
gamma- component  of  radiation/emission.  For  the  polymeric  (especially 
connections  with  the  high  content  of  hydrogen),  borate,  cadmium 
materials  the  effect  of  neutron  component  (in  essence  of  slow  and 
thermal  neutrons)  of  radiation/emission  on  their  heating  becomes 
commensurable  or  even  exceeds  the  effect  of  gamma-component,  since  a 
smaller  quantity  of  neutrons  is  compensated  by  the  larger  value  of 
their  absorption  cross-sect  ion . 

As  a  result  of  the  energy  absorption  of  radiation/emission  and 
its  conversion  into  the  thermal  the  radioelements  and  equipment  as  a 
whole  can  be  heated  to  the  sufficiently  high  temperatures  (order  of 
200°)  and  go  out  of  order  due  to  the  thermal  breakdown.  Especially 
large  overheatings  are  observed  during  irradiation  of  massive 
articles.  Therefore  use/application  in  the  equipment  of  different 
kind  of  heat-transferring  elements  will  contribute  to  its  heating, 
and  consequently,  to  a  reduction  in.  the  service  life  and  reliability 

The  oxidation  of  contacts  and  surfaces  of  electrodes  can  occur 
as  a  result  of  chemical  reactions.  Gases  of  the  environment  in  the 
connection  with  the  moisture  during  irradiation  form  acids,  which 
also  can  exert  harmful  effect  on  the  materials. 
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In  the  articles  made  of  the  organic  materials  are  possible  two 
forms  of  the  transformation  of  the  molecules  of  the  substance: 
destruction  and  join.  During  the  destruction  the 
interruption/discontinuity  of  the  main  chains  of  the  molecules  of 
polymer  occurs.  Due  to  the  destruction  in  these  materials  can  occur 
the  following  changes  in  the  properties:  softening,  decrease  of 
tensile  strength,  increase  in  elongation  at  rupture,  decrease  of 
resistance  by  the  shear/section,  reduction  in  the  melting  point, 
increase  of  solubility. 

Page  122. 

Because  of  the  processes  of  cross-linking  in  polymers  occurs  cross 
linking,  and  consequently,  the  creation  of  the  branched  molecules.  A 
a  result  of  the  intermolecular  crosslinking  can  be  observed  the 
increase  of  hardness  and  brittleness,  an  increase  in  the  value  of 
Young's  modulus,  an  increase  in  the  melting  point,  a  decrease  of. 
solubility,  an  increase  in  the  density. 

In  the  presence  of  the  chemical  reactions,  which  occur  during 
irradiation  in  the  inorganic  and  organic  materials  is  possible  the 
generation  of  gas  n  in  the  organic  materials  the  formation  of 
dust-figurative  products.  Liberation  of  gas  in  the  closed  volume  can 
lead  to  the  mechanical  damages  of  the  articles  of  radio-electronic 
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equipment,  and  in  the  vacuum-tube  instruments  -  to  poisoning  of 
cathodes . 

The  entry/ incidence  of  dust-figurative  products  to  the  contacts 
causes  the  disturbance/breakdown  of  contacts  in  such  elements/cells 
as  relays,  potentiometers,  switches,  etc. 

During  irradiation  of  inorganic  insulation  their  volume 
expansion  can  be  observed.  Thus,  for  instance,  in  work  [13]  it  is 
shown  that  during  irradiation  by  neutron  flux  10 14  n/m2  insulation 
are  expanded  by  1%. 

In  the  process  of  irradiation  also  change  spectral 
characteristics  and  mechanical  strength  of  glass,  so,  the  optical 
transmission  of  glass  can  already  noticeably  deteriorate  with  the 
exposure  dose  of  7-radiation  10‘-107  r  and  the  neutron  flux  of 
10 1  *-10 14  n/m2.  A  change  in  the  optical  transmission  of  glass  can 
affect,  for  example,  the  sensitivity  of  photocells.  Lead  and 
phosphate  glass  are  most  stable,  less  stable  -  silicate  and 
especially  borate  glass,  which  have  large  neutron-capture  cross 
section  [14]. 

And  finally  it  is  necessary  to  note  the  possibility  of 
formation/education  in  the  materials  of  the  radioelements  of  the 
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admixtures/impurities  of  the  radioactive  materials,  which  will  be  the 
sources  of  the  ionizing  radiations/emissions  and  they  can  exert 
influence  on  a  partial  change  in  the  electrical  parameters  of 
radioelements  and  circuits,  and  also  impede  repair  and  operation  of 
equipment.  The  duration  of  the  luminescence  of  radioactive  elements 
can  continue  for  months  and  even  for  years. 

Page  123. 

Greatest  induced  radioactivity  acquire  the  articles,  prepared  from 
the  materials,  in  which  are  included  boron,  manganese,  cadmium  and 
other  substances  with  the  high  value  of  the  transverse  capture  of  the 
ionizing  radiations/emissions.  Table  4.1  as  an  example  gives  the 
periods  of  half-life  and  energy  of  the  7-radiat i on  of  some 
radioactive  chemical  elements,  which  are  formed  as  a  result  of 
capture  reactions  of  neutrons. 

After  the  examination  of  the  possible  forms  of  damages  in  the 
materials  and  the  elements/cells,  prepared  from  these  materials,  let 
us  pause  briefly  at  the  character  of  interaction  of  those  ionizing 
radiation/emission  with  materials  and  elements/cells  of  electronic 
devices. 


4.2.  Character  of  interaction  of  neutrons  with  the  substance. 
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Neutron  bombardment  causes  sufficiently  complicated  and  deep 
changes  in  the  structure  of  substance. 

In  the  absence  of  electric  charge  electromagnetic  interaction  of 
neutrons  with  the  electrons  and  coulomb  field  of  nucleus  is 
insignificant.  It  is  possible  to  consider  that  interaction  of 
neutrons  and  electrons  is  not  reflected  in  the  behavior  of  neutrons 
and  it  is  unessential  for  describing  interaction  of  neutrons  with  the 


substance 
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Table  4.  Activity  of  the  materials,  which  are  formed  as  a  result  of 
capture  reaction  of  neutrons. 
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3upmi  njyatau,  Mm 

AjwmmhhA  f5) 

100 

2,3  Mil'll 
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Harptift  ('*) 

100 

15  hoc  60 

'  1.4;  2.8 
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0.2 
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1,2 

Key:  (1).  Designation  of  element/cell.  (2).  Content  of 
activated/promoted  isotope,  %.  (3).  Half-life  period.  (4). 
energy,  MeV.  (5).  Aluminum.  (6).  min.  (7).  iron.  (8).  day. 
Calcium.  (10).  Sodium.  (11).  hour.  (12).  Potassium.  (13). 
(14).  Manganese.  (15).  Oxygen.  (16).  s. 


Radiant 
(9)  . 

Magnesium 
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Neutrons  can  exist  comparatively  for  a  long  time  in  the 
equilibrium  with  the  nuclei  of  substance,  as  a  result  of  which  they 
sufficiently  easily  penetrate  to  the  nuclei  (up  to  the  heavy  ones). 
The  very  strong  interaction,  caused  by  nuclear  attracting  forces, 
appears  at  short  distances  from  the  nucleus  (about  10' 15  m)  between 


the  neutron  and  nucleus. 
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With  the  passage  of  the  neutrons  through  the  substance  can  m 
occur  their  following  reactions  with  the  nuclei  of  different 
elements/cells  [5,  16-18]: 

-  elastic  scattering  according  to  the  reaction  (n,  n)  with  the 
time  of  scattering  lO'^-lO'*1  s; 

-  absorption  (capture)  of  neutrons  with  the  formation  of 
compound  nucleus.  The  formed  compound  nucleus  will  be  found  in  the 
excited  state.  Excitation  energy  is  approximately/exemplar ily  equal 
to  the  sum  of  kinetic  energy  of  absorbed  neutron  and  its  binding 
energy  in  the  formed  compound  nucleus. 

During  the  elastic  neutron  scattering  loses  the  part  of  its 
kinetic  energy  (its  rate  it  decreases),  transferring  to  its  atomic 
nucleus  of  the  bombarded  substance,  and  it  differs  from  initial 
direction  of  motion.  In  this  case  total  kinetic  energy  and 
impulse/momentum/pulse  of  the  colliding  particles  is  not  changed. 
This  process  is  analogous  to  the  process  of  the  shock  of  two  elastic 
bodies,  for  an  example  of  billiard  spheres.  In  this  case  the  nucleus 
with  which  the  neutron  had  interaction,  is  usually  called  "recoil 
nucleus" . 
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The  excited  compound  nuclei,  which  were  being  formed  as  a  result 
of  neutron  capture,  exist  during  10'1J-10'i5  s.  The  transition  of  the 
excited  nuclei  into  the  normal  state  occurs  by  the  neutron  emission, 
gamma-rays,  protons,  alpha-  and  other  particles  or  with  the 
formation/education  of  fission  fragments. 

Capture  reaction  of  neutron  with  its  subsequent  emission  of  form 
(n,  n)  outwardly  does  not  differ  from  elastic  scattering.  In 
actuality  it  in  contrast  to  elastic  scattering  occurs  with  the 
formation  of  the  compos ite/ compound  excited  nucleus  and,  therefore, 
the  duration  of  this  process  is  into  millions  of  times  more  than  the 
duration  of  the  process  of  elastic  scattering.  If  as  a  result  of  this 
reaction  the  energy  state  of  nucleus  coincides  with  its  initial 
energy  state  (to  neutron  capture),  then  this  process  of  interaction 
of  neutrons  with  the  atomic  nuclei  of  substance  also  is 
conventionally  designated  as  elastic  scattering. 

Page  125. 

There  can  be  such  case,  when  nucleus  after  neutron  emission 
remains  in  the  excited  state;  in  this  case  the  part  of  the  kinetic 
energy  of  the  bombarding  neutron  will  be  expended/consumed  on  the 
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excitation  of  nucleus  and  as  a  result  of  reaction  total  kinetic 
neutron  energy  and  nucleus  after  collision  will  be  less  than  their 
total  energy  to  the  collision.  Such  phenomenon,  when  the  part  of 
absorbed  energy  of  the  falling/incident  (bombarding)  neutron  is 
converted  into  the  internal  energy  of  nucleus,  and  the  emitted 
neutron  has  smaller  energy  in  comparison  with  that  falling,  they  call 
the  inelastic  scattering  of  neutrons  and  conditionally  write/record 
in  the  form  (n,  n').  In  this  case  the  energy  excess  of  the  excited 
nucleus,  as  a  rule,  is  emitted  in  the  form  of  7-quantum. 

The  course  of  the  reaction  of  inelastic  scattering  is  possible 
only  with  the  neutron  energy,  which  exceed  the  energy,  necessary  for 
the  excitation  of  nucleus.  Therefore  the  process  of  inelastic 
scattering  is  virtually  feasible  for  the  fast  neutrons. 

Other  processes  of  capture  by  the  nuclei  of  neutrons  in  contrast 
to  the  processes  of  scattering  are  accompanied  by  the  nuclear 
reactions,  which  lead  to  the  formation  of  new  nuclei  in  the 
substance.  They  include: 

-  reactions  of  radiation  capture  of  the  type  (n,  7),  accompanied 
by  emission  by  the  excited  nucleus  of  one  or  several  7-quanta; 

-  cleavage  reaction  throated  of  the  charged/loaded  particles  of 
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the  types  (n,  d)  (n,  p)  (n,  a)  and  others; 

-  reaction  throated  of  several  neutrons  (n,  2n)  (n,  3n)  and  so 
forth; 

-  fission  reaction  of  heavy  nuclei  (n,  f). 

In  the  conventional  designations  of  the  reactions  examined,  and 
also  subsequently  in  the  text  are  accepted  the  following 
designations;  n  -  neutrons,  7  -  gamma-rays,  p  -  protons,  a  -  alpha 
particles,  d  -  deuterons,  f  -  fission  fragments;  the  first  letter  in 
the  brackets  -  particle,  which  interacts  with  the  nucleus,  the  second 
-  particle,  which  is  formed  as  a  result  of  the  occurring  nuclear 
reaction. 

The  new  nuclei  of  substance,  which  appear  as  a  result  of  capture 
reactions,  can  be  stable  and  radioactive. 
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The  probability  of  the  processes  of  interaction  of  neutrons  with 
the  nuclei  depends  mainly  on  neutron  energy  and  nature  of  target 
nuclei  (mass  number,  etc.).  This  probability  they  quantitatively 
characterize  with  effective  interaction  cross  section. 
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By  cross  section  a  it  is  accepted  to  understand  the  area  of  the 
circle,  circumscribed  around  target  nucleus,  upon  falling  of  neutron 
in  which  is  realized  the  reaction  of  this  type.  If  the  neutron  flux, 
equal  to  *1>„.  falls  GA  plate  with  thickness  X,  which  contains  in  1  m3  a 
number  of  nuclei  q, ,  then  a  number  of  nuclear  processes  (N)  can  be 
determined  from  the  following  expression: 

jV=<D„<7o*a, 

whence 

N  1  -  .... 

'=*r—' ■  (44> 

where  q~q„X  -  number  of  nuclei,  which  are  contained  in  the  irradiated 
volume  of  plate  from  this  material. 

Thus,  the  value  of  cross  section  is  the  probability  of 
interaction  of  neutron  with  the  substance  when  to  each  square  meter 
of  the  irradiated  surface  with  walks  one  nucleus.  It  is  measured  in 
the  units  of  area.  One  measurement  is  the  barn: 

l  barn  —  I0~a  *2=»  10-24  ok2. 

Complete  effective  interaction  cross  section  designate  u  or  C  It  is 
the  sum  of  all  effective  ones  interaction  cross  section  with  the 
nuclei  of  this  substance,  i.e.,  the  section  of  elastic  and  inelastic 
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scattering  a,  and  o'.,  the  radiation-capture  cross  section  o„  of 
sections  ou  and  ,  reactions  (n,  p)  and  (n,  a),  section  a ,  of 
division  (n,  f)  and  so  forth: 

<J(—  0  —  Ol  +  <J/,  +  <Ja,  (4.5) 


where 


ao  =  ar  4*  aJ>  4 *  a,  4"  aH > 

i.e.  cru  designates  effective  reaction  cross-section,  as  a  result  of 
which  are  absorbed  the  neutrons. 
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The  complete  effective  interaction  cross  sections  of  neutrons 
with  the  nuclei  of  the  substances  at  present  are  known  almost  for  all 
chemical  elements/cells  and  wide  interval  of  neutron  energy  and  are 
most  fully  given  in  handbooks  [17].  The  sections  of  the  separate 
reactions  of  interaction  of  neutrons  with  the  atomic  nuclei, 
especially  scattering  cross  section,  are  known  with  the  smaller 
accuracy. 

For  the  neutrons  with  the  kinetic  energy  from  10  keV  to  20  MeV 
the  value  of  effective  interaction  cross  section  approximately  equal 
to  the  cross-sectional  area  of  nucleus  it  is  target  [17]  o=7rrl,  where 
r  -  nuclear  radius. 
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The  cross  sections  of  the  separate  forms  of  chemical  elements 
for  the  wide  energy  spectrum  of  neutrons  range  from  10" 3 8  to  10"  23  mJ 
(lC'-lO5  barn).  For  the  separate  most  widely  used  types  of  chemical 
elements  Table  4.2  gives  the  effective  capture  cross-sections  and 
scattering  for  the  thermal  neutrons  and  the  neutrons  with  the  energy 
1  MeV.  Some  data  over  the  interaction  cross  sections  of  neutrons  with 
the  energy  from  0.01  eV  that  of  10  MeV  with  the  atomic  nuclei  of 
hydrogen,  carbon,  nitrogen,  oxygen,  lithium,  boron  and  cadmium  are 
shown  in  Table  4.3. 
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Table  4.2.  The  cross  sections  of  chemical  elements  (in  the  barns). 
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Key:  (1).  Designation  of  element/cell.  (2).  Thermal  neutrons.  (3). 
Neutrons  with  energy  1  MeV.  (4).  capture  cross  section.  (5). 
scattering  cross  section.  (6).  Hydrogen.  (7).  Carbon.  (8).  Nitrogen 
(9).  Oxygen.  (10).  Aluminum.  (11).  Silicon.  (12).  Manganese.  (13). 
Cobalt.  (14).  Copper.  (15).  Magnesium. 
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Page  128. 

Table  4.3.  Interaction  cross  sections  of  neutrons  with  light  nuclei 
and  cadmium  in  the  range  of  energies  0.01-101  eV. 
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Key:  (1).  Neutron  energy,  eV.  (2).  Interaction  cross  section,  barn 
(10*2*  m2).  (3).  hydrogen.  (4).  carbon.  (5).  nitrogen.  (6).  oxygen, 
(7).  lithium.  (8).  beryllium.  (9).  cadmium. 
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Together  with  the  effective  interaction  cross  section  of 
neutrons  with  the  substance,  for  calculating  weakening  the  density  of 
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the  directed  neutron  fluxes  during  their  propagation  (passage) 
through  different  materials  is  used  the  concept  about  the  macroscopic 
cross  section  Z  (more  frequently  they  say  macroscopic  cross  section 
or  simply  macroscopic  section).  Dimensionality  of  macroscopic  cross 
section  1/m  (m'1).  This  value  is  analogous  to  the  linear  coefficient 
of  weakening  7-radiation. 

The  value,  reciprocal  to  macroscopic  section,  is  the  mean  free 
path  X  of  neutron  in  the  material,  namely: 


The  numerical  value  of  the  quantity  of  mean  free  path  is  equal 
to  the  layer  of  the  material,  with  passage  of  which  the  neutron  flux 
is  weakened/attenuated  in  e  (approximately/exemplarily  into  2.7)  of 
times.  Thus,  for  instance,  mean  free  paths  in  the  water  for  the 
neutrons  with  different  energy  are  equal  to:  0.28  cm  for  the  thermal 
neutrons  with  the  energy  0.025  eV;  2.45  cm  for  the  neutrons  with  the 
energy  1  MeV  and  11  cm  for  the  neutrons  with  the  energy  10  MeV. 

In  actuality  in  electronics  we  deal  concerning  the  materials, 
which  consist  of  the  mixture  of  natural  chemical  elements;  therefore 
during  the  determination  of  cross  section  a  or  macroscopic  cross 
section  I  it  is  necessary  to  consider  the  atomic  (more  precise 
nuclear)  composition  of  material. 
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It  follows  from  the  known  data  over  the  effective  cross  sections 
that  the  processes  of  elastic  scattering  and  radiation  capture 
energetically  can  occur  with  any  neutron  energy  almost  for  all 
nuclei  . 

For  the  fast  and  intermediate  neutrons  (with  the  kinetic  energy 

from  0.5  eV  to  20  MeV)  the  elastic  scattering  is  the  most  important 

process  of  interaction  with  the  substance.  The  probability  of 

capturing  the  fast  neutrons  is  into  hundreds  of  times  less  than  the 

probability  of  scattering.  True,  with  the  neutron  energy  10-20  MeV 

the  penetration  probability  of  the  reactions  of  inelastic  scattering 

and  nuclear  reactions  is  compared  with  the  probability  of  elastic 

* 

scattering  [17]. 
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For  some  light  nuclei  (lithium,  boron,  helium  and  nitrogen)  during 
interaction  with  the  intermediate  neutrons  most  probable  are 
exothermic  capture  reactions  of  neutrons  with  further 
format  ion/ education  of  the  charged/loaded  particles  of  the  types  (n, 
a)  and  (n,  p) ,  in  particular: 
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Li3  +  no  a2  +  H I  ; 

^5°  +  n0  a2  +  Ll3  1 

Ni4+«i-p:+c 

Similar  type  reactions  for  other  nuclei  of  substance  are 
considerably  less  probable. 

In  connection  with  the  fact  that  the  charged/loaded  particle 
with  the  escape  from  the  nucleus  must  overcome  the  potential  Coulomb 
barrier  of  the  excited  nucleus,  reaction  with  the  emission  of  the 
charged/loaded  elementary  particles,  as  a  rule,  are  endothermic 
(reactions,  which  take  place  with  the  energy  absorption)  and  they  are 
possible  with  the  neutron  energy,  which  exceed  certain  specific 
threshold  value.  Energy  of  the  potential  threshold  is  proportional  to 
the  reference  number  of  atomic  nucleus  to  degree  of  2/3  (Z2/2)  [17]. 
Reactions  with  the  emission  of  the  charged/loaded  particles  are  most 
probable  during  interaction  of  neutrons  with  the  high  energy  (as  a 
rule,  more  than  1  MeV)  with  the  nuclei  of  light  elements  (a<25). 

The  probability  of  the  r  >  tions  of  inelastic  scattering  (n,  n') 

- is  also  insignificant.  The  course  of  it  is  possible  for  the 

neutrons  with  the  energy  of  more  than  energy  of  the  first  excitation 
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level  of  nucleus.  For  the  light  nuclei  the  first  excitation  levels 
have  energy  on  the  order  of  0.5-5  MeV,  for  heavy  nuclei  (a>80)  -  not 
more  than  100  keV. 

Finally,  reactions  throated  of  several  neutrons  and 
charged/ loaded  particles,  i.e.,  types  (n,  2n)  (n,  3n)  (n,  np) ,  are 
possible  during  the  bombardment  of  the  atomic  nuclei  of  substances 
with  neutrons  with  the  energy  20  MeV  and  more  [17],  with  exception  of 
reaction  (n,  2n) ,  which  can  flow/occur/last  with  the  neutron  energy 
of  approximately  9  MeV  [19].  The  nuclear  reactions  throated  of 
ir-mesons  are  possible  for  the  neutrons  with  the  energy  140  MeV. 
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During  the  elastic  collisions  the  energy,  transferred  to  atomic 
nucleus,  is  within  the  limits  from  zero  (during  grazing  collisions) 
to  maximum  value  On  the  basis  of  the  laws  of  the  conservation  of 


energy  and  moment  of  momentum 


F  p  ,  o 

(ffU+M)'  £nC0S 


where  £„ —  energy,  transferred  to  the  nucleus  of  substance; 


m„  —  mass  of  neutron; 


M  -  nuclear  mass  of  atom; 
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As  a  result  of  processes  of  elastic  scattering  on  the  nuclei  of 
substance  the  neutrons  transfer  the  part  of  their  energy  and, 
naturally,  stall.  A  decrease  in  the  velocity  and,  consequently,  also 
kinetic  neutron  energy  depends  on  the  nuclear  mass  of  substance,  and 
also  on  the  value  of  scattering  angle.  It  is  evident  from  formula 
(4.6)  that  the  less  the  nuclear  mass  and  the  greater  the  scattering 
angle,  the  more  energy  the  neutron  loses.  Energy  losses  to  the 
elastic  scattering  are  insignificant  for  the  heavy  elements.  Thus, 
for  instance,  for  reducing  the  kinetic  energy  of  fast  neutrons  to  the 
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energy  of  thermal  neutrons  it  is  necessary  to  18  collision  with  the 
nuclei  of  hydrogen  (mass  number  equal  to  one)  and  2000  collisions 
with  the  nuclei  of  lead  (mass  number  equal  to  207). 

As  a  result  of  gradual  moderation  of  neutrons  acquires  an  energy 
of  the  thermal  agitation  of  atoms  of  substance,  i.e.,  energy  0.025  eV 
at  a  room  temperature. 

Page  132. 

By  the  most  probable  reactions  during  capture  of  thermal  and 
slow  neutrons  the  nuclei  of  substance  are  the  reactions  of  radiation 
capture,  for  example,  reaction  throated  7-quantum  with  the  energy 
2.23  MeV  of  the  type  Hl  (n,  7)  HJ.  The  reactions  of  radiation  capture 
lead,  as  a  rule,  to  the  formation  of  beta-radioactive  isotopes. 
Capture  reaction  of  thermal  neutrons  with  the  subsequent  emission  of 
the  charged/loaded  particles  the  sufficiently  rare. 

Fission  reactions  are  characteristic  for  the  heavy  nuclei  (for 
example,  uranium-233 ,  uranium-235,  plutonium  239,  etc.)  and  occur 
under  the  influence  both  of  thermal  and  fast  neutrons,  but  it  is  most 
characteristic  for  the  neutrons  with  the  kinetic  energy  into  several 
mega-electron-volts.  These  reactions  are  accompanied  by  release  of 
high  energy  (approximately/exemplar ily  200  MeV  to  each  fission)  and 
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by  neutron  emission  [17,  19]. 

As  was  already  noted  above,  neutron,  being  electrically  neutral 
particle,  virtually  does  not  interact  directly  with  the  electrons  of 
atoms,  in  connection  with  which  it  relates  to  the  indirectly  ionizing 
particles.  The  ionization  of  substance  in  transit  through  it  of 
neutrons  is  conducted  due  to  the  effect  of  "recoil  nuclei",  which 
appears  during  the  elastic  scattering,  and  also  due  to  the  effect  of 
the  charged/loaded  particles  and  gamma-quanta,  which  appear  in  the 
presence  of  capture  reactions.  Furthermore,  it  is  necessary  to  note 
that  as  a  result  of  displacing  the  nuclei,  the  latter  carry  along 
with  themselves  their  electron  cloud,  but  in  this  case  the  peripheral 
electrons,  which  have  the  orbital  speeds  of  less  than  the  rate  of 
"recoil  nucleus",  they  can  "fall  behind"  the  nucleus.  It  is  obvious 
that  such  processes  also  lead  to  the  ionization  of  substance. 

If  "recoil  nuclei"  and  charged/loaded  particles  even  in  the  thin 
layers,  as  a  rule,  are  absorbed  by  the  completely  irradiated 
material,  then  the  scattered  neutrons  and  7-quanta  (appearing  in  the 
presence  of  the  reactions  of  radiation  capture)  can  leave  the 
attenuating  material,  having  incompletely  consumed  its  energy. 

During  the  nuclear  explosions  and  from  nuclear  reactors  on  the 
elements/cells  and  schematic  of  electronic  engineering  will  act 
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simultaneously  the  neutrons  of  different  energy.  The  spectra  of  these 
neutrons  will  depend  in  essence  on  the  form  of  emitter,  character  of 
the  media  or  retarder,  through  which  are  passed  the  neutrons. 

Page  133. 

Therefore  in  each  specific  case  for  determining  the  probable 
disturbances/breakdowns  in  the  radio  engineering  materials  it  is 
necessary  to  calculate  neutron  distribution  on  the  basis  of  energies. 
But  in  certain  cases  during  the  rough  estimates  they  use  the  medium 
energy  of  this  neutron  spectrum,  which  can  be  determined  according  to 
formula  (1.2).  In  this  case  it  is  only  necessary  to  demarcate  the 
effects  of  the  action  of  slow  (with  the  kinetic  energy  of  less  than 
0.1  MeV,  including  of  thermal  ones)  and  fast  neutrons  (with  the 
energy  of  more  than  0.1  MeV). 

The  majorities  of  the  articles  of  radio-electronic  equipment  are 
made  from  the  nonf issionable  materials,  on  which  fast  neutrons  act  in 
essence,  since  the  effective  capture  cross-sections  of  slow  neutrons 
in  them  are  insignificant  in  comparison  with  the  interaction  cross 
sections  of  fast  neutrons.  Therefore  the  action  of  slow  neutrons 
during  the  practical  estimation  of  the  majority  of  radio  engineering 
articles  can  be  disregarded/neglected. 


DOC  =  83167506 


PAGE^/ 


Thus,  during  the  evaluation  of  the  effect  of  the  action  of 
neutrons  on  the  materials,  used  in  the  radio-electronic  equipment,  it 
is  necessary  first  of  all  to  consider  the  effects  of 
bias/displacement.  During  the  calculation  of  a  number  of 
biases/displacements  for  each  concrete/specific/actual  material  is 
accepted  specific  energy  threshold  £<*,  equal  to  energy,  which  it  must 
transfer  neutron  to  recoil  atom  so  that  the  latter  could  leave  the 
node/unit  of  crystal  lattice.  Thus,  for  the  atoms  of  silicon  and 
germanium  this  energy  is  equal  to  approximately/exemplar ily  15  eV. 

A  number  of  displaced  atoms  per  unit  of  volume  of  material  can 

be  approximately  determined  according  to  the  formula 

% 

Md  =  c,qv<ft, 

where  q  -  number  of  atoms  per  unit  of  volume  of  material; 

9  -  neutron  flux  density; 

F  -  average  number  of  biases/displacements  to  one  report/event  of 
interaction  of  neutrons  with  the  medium  (when  £*<£« <2£<*  a  number 
bias/displacement  7*1); 

t  -  duration  of  irradiation. 


During  irradiation  of  materials  by  the  gamma-neutron  flow,  which 
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appears  as  a  result  of  fission  reactions,  they  usually  disregard  the 
contribution  to  the  ionization  from  the  neutrons. 
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As  already  mentioned,  during  irradiation  by  the  neutrons  of 
materials  in  the  latter  the  admixtures/impurities  can  be  formed.  The 
formation/education  of  such  admixtures/impurities  is  connected  with 
the  processes  of  the  radiation  capture  of  neutrons  of  the  type  (n, 

7).  The  section  of  this  reaction  is  inversely  proportional  to  square 
root  of  neutron  energy,  i.e.,  \IVEn.  The  maximum  of  the  section  of 
this  reaction  is  located  in  the  region  of  thermal  neutrons.  In  the 
series  of  elements  (gold,  indium,  boron,  silver,  cadmium,  etc.)  with 
the  specific  energies  are  observed  the  resonance  peaks,  with  which 
the  values  of  effective  radiation-capture  cross  section  reach  hundred 
and  thousand  barn. 

The  formation  of  radioactive  nuclei  occurs  as  a  result  of 
radiation  capture.  In  the  process  of  decomposing/decaying  these 
nuclei  occurs  the  radiation,  which  can  lead  to  a  change  in  the 
characteristics  of  materials.  Therefore  during  the  investigation  of 
the  action  of  neutrons  on  the  materials,  the  elements/cells  and  the 
schematics  of  radio-electronic  equipment  it  is  necessary  to  consider 
the  effect  of  thermal  and  slow  neutrons  and  the  action  of  induced 
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radioactivity,  and  with  the  work  with  the  irradiated  radio-electronic 
equipment  it  is  expedient  to  apply  protective  measures. 

4.3.  Interaction  of  the  charged/loaded  particles  with  the  substance. 

With  the  passage  of  the  charged/loaded  particles  through  the 
substance  they  produce  ionization,  directly  interacting  with  the 
electrons  of  atoms. 

The  nuclear  reactions  or  nuclear  scattering  occur  as  a  result  of 
colliding  of  elementary  particles  and  atomic  nuclei.  The  degree  of 
interaction  of  the  charged/loaded  particles  with  the  atomic  nuclei 
depends  on  kinetic  energy  of  incident  particles,  potential  of  nuclear 
forces,  and  it  is  also  determined  by  the  potential  threshold  of 
nucleus  (by  forces  of  Coulomb  repulsion).  During  the  collisions  of 
the  charged/loaded  particles  with  the  kinetic  energy  of  less  than  the 
potential  threshold  with  the  nuclei  the  scattering  occurs  mainly. 
During  the  elastic  scattering  the  sum  of  energies  of  the  colliding 
particles  and  nuclei  before  and  after  collision  does  not  change.  When 
the  part  of  the  energy  is  expended/consumed  on  the  excitation  of 
nucleus,  then  such  an  interaction  is  carried  to  the  inelastic 
scattering.  In  this  case  the  excited  nucleus  usually  emits  7-quanta. 
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The  charged/loaded  particles  with  the  energy,  which  exceeds  the 
potential  threshold,  penetrate  directly  the  zone  of  action  of  the 
nuclear  forces,  as  a  result  of  acting  which  occur  the  nuclear 
reactions . 

Electron  collisions,  ions,  atoms,  molecules  with  the  energy  not 
more  than  lO^-lO5  eV  carry  usually  to  the  collisions  atomic.  The 
charged/loaded  particles  with  this  energy  interact,  in  essence,  with 
electronic  atom  shell  of  the  substance  (effect  of  nuclear  forces  on 
them  usually  is  not  considered).  Atomic  collisions  also  are  elastic 
and  inelastic.  During  the  elastic  collisions  the  direction  of  motion 
changes,  But  the  internal  state  of  the  charged/loaded  particles  is 
not  changed.  A  change  in  the  internal  energy  of  particles  occurs  as  a 
result  of  inelastic  collisions,  which  leads  to  secondary  radiation. 
During  the  atomic  collisions  can  occur  the  change  in  the  particle 
structure,  caused  by  ionizing  effects,  by  the  processes  of 
overcharging,  etc. 

Let  us  pause  briefly  at  the  processes  of  interaction  of  protons 
and  electrons  with  the  substances. 

Character  of  interaction  of  protons  with  the  substance. 
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The  effect  of  protons  on  the  substance  is  caused,  on  one  hand, 
by  electromagnetic  interaction,  and  on  the  other  hand,  by  the 
absorption  of  protons  by  the  atomic  nuclei  of  substance.  From  the 
point  of  view  of  protection  from  proton  radiation/emission  these 
processes  are  in  detail  examined  in  [21].  Let  us  pause  only  at  some 
general  laws,  characteristic  for  describing  interaction  of  protons 
with  the  materials  of  radio  engineering  articles  and  diagrams. 

Electromagnetic  interaction  of  protons  can  be  with  the  electrons 
and  with  the  atomic  nuclei  of  substance.  With  electromagnetic 
interaction  with  the  atom  occurs  excitation  both  the  ionization  of 
atoms  and  the  formation/education  of  the  delta-electrons,  which  in 
turn  cause  the  ionization  of  atoms.  During  electromagnetic 
interaction  of  proton  with  coulomb  field  of  nucleus  the  elastic 
scattering  occurs. 
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Energy,  transferred  to  the  electron  of  atom  by  the  bombarding 
proton,  which  passes  at  the  distances  from  the  nucleus,  large  by  the 
proton,  which  passes  at  the  distances  from  the  nucleus,  ionization. 
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The  degree  of  ionization,  during  electromagnetic  interaction  of 
protons  with  the  substance,  depends  on  the  energy,  absorbed  in  the 
material . 

For  the  protons  with  the  energy  from  2  to  10 5  MeV  (with  the 
range  of  energy,  most  characteristic  to  cosmic  radiation),  which  can 
produce  essential  disturbances/breakdowns  in  the  radio-electronic 
diagrams  and  the  radioelements,  Table  4.4  gives  computed  values  of 
the  ionizing  energy  losses  of  protons  in  the  beryllium,  carbon,  air, 
aluminum,  copper  and  lead.  The  calculation  of  these  losses  for 
different  energies  of  protons  was  conducted  according  to  the  method 
of  Sternheimer  [22]. 

When  proton  passes  at  the  distances  from  a  nucleus  less  than  the 
size/dimension  of  atom,  it  tests/experiences  Coulomb  scattering  in 
the  nuclear  field.  Energy  of  proton  in  this  case  noticeably  is  not 
changed,  i.e.,  it  is  possible  to  consider  that  the  elastic 
electromagnetic  scattering  occurs.  The  probability  of  scattering  in 
the  field  of  the  electrons  of  atom  substantially  less  and  it  usually 
is  not  considered. 

The  divergence  of  protons  in  the  nuclear  field  occurs,  as  a 
rule,  it  is  repeated  to  comparatively  small  angles.  Scattering  the 
initial  beam  of  protons  with  its  passage  through  the  substance  occurs 
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as  a  result  of  repeated  divergence. 

Elastic  and  inelastic  scattering  can  occur  as  a  result  of  the 
proton  bombardment  of  the  nuclei  of  substance.  Elastic  scattering  is 
the  consequence  of  interaction,  as  soon  as  which  was  noted,  Coulomb 
forces,  nuclear  forces,  and  also  by  the  consequence  of  optical 
properties  of  nuclei  [21].  Inelastic  collisions  lead  to  the  course  of 
the  following  intranuclear  processes: 

-  the  inelastic  scattering  of  protons  of  the  type  ( p,  p ' ) ; 

-  the  nuclear  reactions  of  types  (p,  n)  ip,  d)  ip,  a),  etc.; 

-  reaction  of  the  overcharging  of  a  proton  of  the  type  (p,  n); 

-  cleavage  reactions,  which  occur  with  the  emission  of  a  large 
number  of  particles  of  the  types  (p,  pn)  (p,  2n)  (p,  p2n)  and  so 
forth,  and  also  the  nucleon  groupings  of  types  H3  H5,  He3,  He4; 

-  nuclear  reactions,  leding  to  the  formation/education  of 


nuclear  fragments  with  atomic  number  3  it  is  more  (Z>3)  or  the 
so-called  fragmentations. 
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Table  4.4.  Ionizing  energy  losses  of  protons  in  the  substances 


Ev. 

(x) 
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j  cJwVue 
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2 

13,19 

14,06 

11,08 
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4,114 

13,4 

3 
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8,316 

6,183 

3,462 

9,986 

4 
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6,744 

5,127 

j 
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8,053 

5 

6,559 

7,074 

5,719 

4,408 

2,636 

6,800 

6 
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6,126 

4,984 

3,873 

2,365 

5,899 

7 

5,015 

5,428 

4,438 

3,471 

2,154 

5,232 

8 

4.503 

4,881 

4,009 

3,150 

1 ,981 

4,711 

9 

4,099 

4,447 

3,667 

2,894 

1,840 

4,296 

10 

3,763 

4,087 

3,380 

2,677 

1,718 

3,951 

20 

2,138 

2,334 

1,970 

1,591 

1,073 

2,266 

25 

1,780 

1,946 

1,652 

1 ,342 

0.9163 

1,893 

30 

1,534 

1,679 

1,431 

1,168 

0,8050 

1,635 

35 

1,353 

1,482 

1,267 

1,038 

0,7203 

1,444 

40 

1,215 

1,332 

1,141 
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1,298 

45 

l  1,105 

1,212 
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1,182 
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0,7925 
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1,087 

55 

0,9412 

1 ,033 
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0,5213 

1,009 

00 

0,8788 

0,9045 

0,8325 

0,6914 

0,4900 

0,942 

65 

0,8254 

0.9062 

0,7831 

0,6514 

0,4629 

0,8852 

70 

0,7791 

0,8556 

0,7402 

0,6167 

0,4391 

0,8360 

75 

0,7380 

0,8112 

0,7026 

0,5861 

0,4181 

0,7928 

80 

0,7026 

0,7719 

0,6693 

0,5590 

0,3996 

0,7546 

90 

0,6424 

0,7061 

0,6132 

0,5133 

0,3682 

0,6904 

100 

0,6933 

0,6626 

0,5674 

0,4760 

0,3424 

0,6382 

110 

0,5527 

0,6079 

0,5292 

0,4449 

0,3209 

0,5950 

120 

0,5187 

0,5706 

0,4973 

0,4187 

0,3027 

0,5687 
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130 

0,4896 

0,5388 

0,4700 

0,3961 

0.2870 

0,5276 

140 

0,4644 

0,5112 

0,4464 

0,3707 

0,2734 

0,5007 

150 

0,4424 

0,4872 

0,4258 

0,3591 

0,2616 

0,4773 

200 

0,3647 

0,4016 

0,3522 

0,2989 

0,2189 

0,3942 

250 

0,3173 

0,3497 

0,3072 

0,2616 

0, 1924 

0,3434 

300 

0,2853 

0,3148 

0,2771 

0,2366 

0,1747 

0,3093 

350 

0,2625 

0,2896 

0,2555 

0,2185 

0,1619 

0,2848 

400 

0,2453 

0,2709 

0,2392 

0,2049 

0,1523 

0,2666 

450 

0,2321 

0,2563 

0,2268 

0,1945 

0,1448 

0,2524 

500 

0,2215 

0,2448 

0,2169 

0,1863 

0,1390 

0,2413 

600 

0,2059 

0,2278 

0,2022 

0,1741 

0,1305 

0,2249 

700 

0,1950 

0,2159 

0,1921 

0,1058 

0,1246 

0,2136 

800 

0,1871 

0,2074 

0,1849 

0,1598 

0,1205 

0,2055 

900 

0,1812 

0,2009 

0,1795 

0,1555 

0,1175 

0,1995 

1  000 

0,1767 

0,1960 

0,1754 

0,1522 

0,1153 

0,1950 

1  500 

0,1649 

0,1833 

0,1649 

0,1443 

0,1104 

0,1838 

2000 

0,1608 

0,1791 

0,1618 

0,1422 

0.1099 

0,1809 

2  500 

0,1595 

0,1778 

0,1611 

0,1422 

0,1108 

0,1808 

3  000 

0,1593 

0,1778 

0,1615 

0,1429 

0,1121 

0,1818 

4000 

0,1604 

0,1793 

0,1635 

0,1452 

0,1150 

0,1851 

5  000 

0.1621 

0,1813 

0,1659 

0,1478 

0,1178 

0,1889 

6  000 

0,1638 

0,1834 

0,1682 

0,1502 

0,1204 

0,1924 

7000 

0,1655 

0.1854 

0,1704 

0,1524 

0,1227 

0,1958 

8000 

0,1670 

0,1873 

0,1724 

0,1544 

0,1248 

0,1989 

9000 

0,1685 

0,1890 

0,1743 

0,1562 

0,1267 

0,2017 

10  000 

0,1699 

0,1905 

0,1759 

0,1579 

0,1284 

0,2044 

25  000 

0,1822 

0,2050 

0,1913 

0,1729 

0,1436 

0,2296 

50  000 

0,1915 

0,2156 

0,2027 

0, 1839 

0,1546 

0,2499 

100000 

0,2005 

0,2257 

0,2134 

0,1941 

0,1648 

0,2687 

Key:  (1).  MeV.  (2).  Ionizing  losses,  MeV/kg-m1  in.  (3).  Beryllium. 
(4).  carbon.  (5).  aluminum.  (6).  copper.  (7).  lead.  (8).  air. 
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The  process  of  division  occurs  also  under  the  action  of 
high-energy  protons  in  the  heavy  nuclei. 


The  probability  of  different  processes  of  interaction  of  protons 
with  the  nuclei  depends  in  essence  on  energy  of  protons  and  nature  of 
the  nuclei  of  substance.  This  probability,  as  for  the  neutron 
radiation/emission,  it  is  characterized  by  the  effective  interaction 
cross  section  of  proton  with  the  nucleus  of  the  bombarded  substance. 
Complete  effective  interaction  cross  section  is  equal  to  the  sum  of 
the  effective  sections  of  all  interaction  of  protons  with  the  nuclei 
of  the  substance 


a,—<r<=acr4-f  a0.  (4.8) 

In  formula  (4.8),  it  is  analogous  with  designations  for  the 
cross  sections  of  neutrons  in  expression  (4.5),  by  o*  and  a 
understands  complete  cross  section,  by  oj  -  elastic-scattering  cross 
section,  the  characteristic  "blurring"  of  the  directed  flow  of 
protons,  and  aa —  the  cross  section  of  all  reactions,  in  the  presence 
of  which  occurs  the  absorption  of  protons,  i.e.,  section,  which 
characterizes  knocking  out  of  protons  from  the  incident  flux. 

Effective  elastic-scattering  cross  section  can  reach  the  value, 
equal  to  the  geometric  cross  section  of  nucleus,  i.e.,  o^nr2,  and 
generally  it,  as  a  rule,  always  is  less  than  this  value.  Sometimes 


i 

i 

y 


I: 


<r,=3,2nr*(l2|. 
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The  value  of  the  cross  section  of  inelastic  nuclear  interaction 
determines,  in  the  first  place,  the  process  of  absorbing  the  protons, 
and  in  the  second  place,  characterizes  the  output  of  secondary 
particles  from  the  substance.  It  if  energy  of  protons  several  times 
of  more  than  the  value  of  Coulomb  barrier,  approximately/exemplar ily 
is  equal  to  [21] 

oe  =  *  (1,3*  10"“i4,/s)*.  *•.  (4.9) 

Consequently,  a  change  in  the  properties  of  substance  will 
depend  on  the  direct  effect  of  protons,  and  also  on  the  effect  of 
secondary  particles,  which  were  being  formed  as  a  result  of 
interaction  of  protons  with  this  substance. 
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During  interaction  of  protons  with  the  energy,  which  does  not 
exceed  100  MeV,  the  radiation/emission  of  secondary  particles  is 
small  and  their  energy  small.  With  an  increase  in  the  energy  of 
protons  grows/rises  a  number  of  secondary  particles  and  their  energy 
The  formation/education  of  secondary  low-energy  and  high-energy 
particles  [21]  is  characteristic  for  the  protons  with  the  energy  of 
more  than  500  MeV.  Secondary  particles  with  the  energy  of  less  than 
100  MeV,  which  consist  in  essence  of  the  neutrons,  the  protons,  the 
deuterons  and  the  more  heavy  nuclei,  carry  to  the  low-energy  ones. 
Particles  the  energy  100  MeV  and  more  consider  high-energy.  They 
consist  mainly  of  neutrons,  protons  and  jr-mesons.  The  latter  have 
sufficiently  great  possibility  of  decomposition/decay  to  two  quanta. 

Formed  secondary  particles  in  turn  can  interact  with  the 
substance,  causing  nuclear  reactions  and  ionization.  The  development 
of  cascade  nuclear  process  determine  high-energy  secondary  particles 
which  are  spread  in  the  direction,  close  to  the  direction  of  the 
bombarding  proton,  being  gradually  scattered  with  the  passage  into 
the  depths  of  the  substance. 
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The  role  of  nuclear  interactions  in  comparison  with  the  ionizing 
processes  with  an  increase  in  the  energy  of  the  primary  incident 
protons  and  thickness  of  substance  (for  example,  the  material  of 
protective  shield)  grows/rises.  Therefore  during  the  calculation  of 
the  absorptions  of  a  number  of  protons  in  the  material  it  is 
necessary  to  consider  nuclear  interactions. 


As  an  example  Table  4.5  gives  the  relationships/ratios  between 
nuclear  and  electromagnetic  interactions  of  protons  in  carbon  and 
lead  depending  on  the  thickness  of  material  with  the  energies  from 
100  -to  1000  MeV  [21].  It  is  evident  from  these  data  that  for  the 
radioelements,  whose  thickness  is  equal  to  the  landing  run  of  protons 
or  more  its  (thickness  of  landing  runs  they  are  given  to  table  1.2), 
nuclear  interactions  they  can  play  the  significant  role.  Furthermore, 
it  is  necessary  to  note  that  the  probability  of  nuclear  interactions 
considerably  grows/rises  with  an  increase  in  the  depth  of  penetration 
of  protons  into  the  materials  and  barely  depends  on  their  energy  in 
the  range  of  energy  from  100  to  1000  MeV. 


Page  141. 


But  during  the  evaluation  of  the  effect  of  protons  on  the  substances 
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and  the  radioelements  it  is  necessary  to  consider  the  effect  of 
secondary  particles  of  the  radiation/emission;  especially  it  exerts  a 
substantial  influence  under  the  influence  of  the  protons  of  high 
energies,  which  can  cause  also  intranuclear  cascade  processes. 

As  a  result  of  the  energy  absorption  of  incident  proton  it  is 
consistently  transferred  to  the  separate  nucleons  of  nucleus.  The 
latter  can  also  adjacent  nucleons  of  nucleus,  transferring  by  them 
energy.  In  turn,  secondary  recoil  nucleons  act  on  the  following 
nucleons  of  nucleus,  etc. 
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Table  4.5.  Probability  of  nuclear  and  electromagnetic  interactions 
depending  on  the  depth  of  penetration  of  protons  into  the  substance. 


(0 

3Hrpnm  mio- 
tuiui.  Mm 

r.ivrtum  upn- 
iiiikiiohoiiiin, 

K4/M • 

CS)  KoauHecrau  nporoHoa  (%),  itcawTacumi 

HUNMOattllCTBH* 

a  yi  JiL-poA* 

(<])  •  CBHIlUt 

j  (53 
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CW) 

•JIVK  tpOMtlf 
I1HTMU0 

© 

AilCpHU* 

•aicXrpo* 

MarH MTHWtf 

100 

50 

5 

95 

2 

98 

150 

50 

5 

95 

2 

98 

150 

100 

10 

90 

5 

95 

300 

50 

5 

95 

2 

98 

300 

100 

9 

91 

4 

96 

300 

500 

39 

61 

20 

80 

600 

50 

5 

95 

3 

97’ 

600 

100 

10 

90 

5 

95 

000 

500 

42 

58 

23 

77 

600 

1000 

67 

33 

41 

59 

600 

1500 

81 

19 

54 

46 

1000 

50 

5 

95 

2 

98 

1000 

100 

10 

90 

5 

95 

1000 

500 

40 

60 

21 

79 

1000 

1000 

66 

34 

38 

62 

1000 

1500 

80 

20 

51 

49 

1000 

2000 

88 

12 

62 

38 

Key:  (1).  Energy  of  proton,  MeV.  (2).  Depth  of  penetration,  kg/m2. 
(3).  Quantity  of  protons  (%),  which  experienced  interaction.  (4).  in 
carbon.  (5).  nuclear.  (6).  electromagnetic.  (7).  in  lead. 
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Thus,  occurs  avalanche-type  process,  or  the  so-called  intranuclear 
cascade.  The  nucleons,  which  have  a  sufficient  energy  for  the  escape 
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from  the  nucleus,  are  called  cascade  particles  [21]. 

The  formation/education  of  cascade  particles  as  a  result  of 
inelastic  collisions  of  protons  with  the  nuclei  of  substance  ana 
their  relationship/ratio  depend  on  energy  of  the  bombarding  proton 
and  characteristics  of  atomic  nucleus. 

Some  information  about  the  average/mean  values  of  the  outputs  of 
cascade  protons,  neutrons  and  ir-mesons  (7r°,  n+  and  ir~)  depending  on 
energy  of  that  falling  heating,  from  which  it  follows  that  the  output 
of  cascade  particles  increases  with  an  increase  in  the  energy  of  the 
bombarded  proton,  they  are  given  in  Table  4.6.  Output  of  cascade 
particles  decreases  for  the  bombarded  protons  with  the  energy  of  less 
than  800  MeV  with  the  increase  of  mass  number,  and  with  the  energies 
of  more  than  800-1000  MeV  an  increase  in  the  output  of  cascade 
particles  is  noted.  Kinetic  energies  of  cascade  particles  can  reach 
the  values  of  energies  of  the  bombarded  proton.  The  lower  limit  of 
energy  spectrum  is  determined  for  the  protons  by  the  Coulomb  barrier 
of  nucleus,  for  the  neutrons  the  spectrum  somewhat  soft,  since  to 
their  output  from  the  nucleus  Coulomb  barrier  does  not  exert  effect. 

After  the  output  of  cascade  particles  the  nucleus  remains  in  the 
excited  state,  since  the  part  of  absorbed  energy  was  transmitted  to 
recoil  nucleons,  which  did  not  escape  from  the  nucleus.  This 
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excitation  energy  is  redistributed  between  the  nucleons  of  nucleus 
and  as  a  result  of  the  fluctuation  can  be  transmitted  to  one  or 
several  nucleons,  which  can  in  view  of  this  leave  nucleus.  This 
process  by  analogy  with  the  process  of  evaporating  the  heated  drop  of 
liquid  was  named  the  evaporative  stage  of  the  inelastic  nuclear 
interaction  of  proton,  and  the  emitted  particles  -  by  evaporative 
particles.  Evaporative  particles  consist  in  essence  of  neutrons 
(about  50%)  and  protons  (about  25%),  and  also  there  are  among  them 
de'uterons,  triton,  helium-3  and  a-particles.  Heavier  particles  are 
formed  in  a  larger  quantity  at  high  energies  of  the  bombarding 
protons. 

The  energy  spectra  of  evaporative  particles,  as  a  rule, 
especially  for  the  charged/loaded  particles,  little  depend  on  energy 
of  the  bombarding  proton. 

Page  143. 

Thus,  for  instance,  during  the  nuclear  bombardment  of  nickel,  silver 
and  gold  by  protons  with  the  energy  190  MeV  the  energy  spectrum  of 
evaporative  neutrons  is  spread  to  10-15  MeV  (maximum  with  the  energy 
of  approximately  1  MeV),  in  evaporative  protons  and  deuterons  the 
maximum  is  shifted  into  the  range  of  energies  5-10  MeV,  in 
a-particles  -  into  the  range  10-15  MeV  (21]. 
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The  information  about  the  outputs  of  evaporative  and  cascade 
particles  from  the  nuclei  of  substance  during  the  bombardment  with 
their  protons  of  different  energies  at  present  are  very 
insignificant.  Consequently,  it  is  possible  to  only  very  tentatively 
rate/estimate  the  effects  of  disturbance/breakdown  in  the  materials 
and  those  in  the  elements  of  construction/design  and  the  electronic 
circuits  under  the  influence  on  their  proton  radiations/emissions. 

•  Character  of  interaction  of  electrons  with  substance 

Electrons,  passing  through  the  substance,  interact  with  the 
electrons  of  atoms  or  with  coulomb  field  of  nucleus. 
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Table  4.6.  Output  values  of  cascade  protons,  neutrons  and  ?r-mesons, 
that  fall  for  one  inelastic  interaction  of  proton  with  the  target 
nucleus . 


d)  BeAMVHH*  atUOAl  u 
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(3)  tVHOMHMII**27 
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T9 
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SOHOt 
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H08 

%T. 

pOKOB 

*3 

aohoa 

82 

0,80 

0,67 

_ 

0,6 

0,63 

— 

0,18 

0,39 

— 

158 

— 

— 

— 

0,87 

0,83 

— 

0,4t 

0,82 

— 

239 

1,37 

1,03 

— 

1,15 

1,07 

— 

0,66 

1,06 

— 

290 

— 

— 

1,27 

1,27 

— 

— 

— 

— 

460 

1,9 

L5 

0,144 

1,63 

1.67 

0,110 

1,00 

1.94 

0,108 

690 

— 

— 

— 

2,13 

2,17 

0,308 

— 

— 

— 

940 

— 

— 

— 

2,46 

2,83 

0,540 

1.76 

3,54 

0,430 

1840 

3.5 

3,22 

1,170 

3,77 

4,23 

1,066 

2,83 

5,90 

1,017 

Key:  (1).  Energy  of  proton,  MeV.  (2).  Value  of  output  from.  (3). 
aluminum-27.  (4).  protons.  (5).  neutrons.  (6).  7r-mesons.  (7).  copper 
64.  (8).  uranium-238. 
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During 

energy 

motion 


the  elastic  interactions  with  the  electrons  of  atoms  the 
of  the  passing  electrons  is  not  lost,  but  direction  of  their 
sharply  changes,  which  leads  to  the  dissipation  of  energy  and 


weakening  of  flow.  During  inelastic  collisions  the  passing  electron 
transfers  the  part  of  its  energy  to  the  bound  electrons  of  atom. 
Depending  on  a  quantity  of  transmitted  energy  occurs  excitation  or 
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the  ionization  of  atoms.  The  secondary  electrons,  pulled  out  from  the 
atom,  have  in  the  majority  of  the  cases  energy  several  hundred 
electron  volts,  sufficient  for  the  ionization  of  the  adjacent  atoms. 
Such  electrons  are  called  5-electrons. 


With  low  energies  of  electrons  the  losses  are  almost  completely 
ionizing . 


In  transit  through  the  substance  of  electrons  with  the  high 
energy,  simultaneously  with  the  ionizing  losses,  occurs  the  energy 
conversion  of  electrons  into  the  braking  electromagnetic  radiation. 
These,  so-called,  radiation  losses  compose  the  significant  part  of 
the  total  losses  of  energy,  when  the  velocity  of  electrons  is  close 
to  the  speed  of  light.  According  to  Bethe  and  Heitler  the  ratio  of 
the  radiation  energy  losses  to  the  ionizing  losses  is  described  by 
the  expression 


m 

m 


EZ 

1  600  me* 
<*? 


(4.10) 


Key:  (1).  rad.  (2).  ioniz.  (3).  msJ 


where  E  -  the  wave  energy  of  electron; 


Z-  the  atomic  number  of  the  substance  of  absorber. 
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Table  4.7  gives  for  some  materials  the  critical  values  of  energy 
of  electrons,  which  correspond  to  A=l. 


For  the  light-density  materials,  when  energy  of  the 
falling/incident  electrons  does  not  exceed  several  million  electron 
volts  (for  example,  the  electrons  of  external  and  artificial  Earth 
radiation  belts),  radiation  losses  are  only  certain  correction  to  the 
total  loss  of  energy.  For  the  heavy  materials  this  correction  can  be 
essential . 
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With  the  passage  of  the  fast  electrons  through  the  substance  the 
direct  excitation  of  lattice  vibrations  occurs,  but  the  energy  losses 
of  electrons  in  this  case  are  insignificant  in  comparison  with 
ionizing  losses  [15].  Is  possible  also  the  direct  drive  of  energy  to 
the  atoms  of  substance,  which  under  certain  conditions  leads  to  the 
emergence  of  structural  defects. 
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Table  4.7.  Critical  values  of  energy  of  electrons. 
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13 
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14 

58,6 

CGrirepMdHHH 

32 

25,6 

OjXOBO 

50 

16,4 

CflCamteu 

30 

10, Q 

Key:  (1).  Chemical  element.  (2).  Atomic  number.  (3).  Value  of  energy 
with  A=1 ,  MeV. 

4.4.  Character  of  interaction  of  X-ray  and  gamma-radiation  with  the 
substance. 

Energy  of  X-ray  ones  and  gamma-quanta  with  their  passage  through 
the  substance  is  expended/consumed  on  interaction  with  the  electrons, 
the  nucleons,  the  field  of  electric  charges  and  the  meson  field  of 
atomic  nucleus.  The  possible  ‘orms  of  the  effects  of  absorption, 
elastic  and  inelastic  scattering  are  given  in  Table  4.8  [28]. 

The  absorption  and  scattering  of  7-quanta  occurs  as  a  result  of 
these  interactions.  During  the  energy  absorption  of  7-quanta 
completely  is  converted  into  other  forms  of  energy,  while  during  the 
elastic  scattering  a  change  in  the  direction  of  propagation  of 
radiation/emission  occurs.  Inelastic  scattering  leads  to  a  change  in 
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the  direction  of  propagation  of  quantum  and  to  the  partial  absorption 
of  energy. 

In  7-quanta  with  the  energy  to  10  MeV  are  observed  three 
processes  of  interaction  of  7-radiation  with  the  substance: 
photoelectric  absorption  (photo  effect),  Compton  effect  (Compton 
effect  or  the  Compton  effect)  and  effect  of  the  formation  of 
electron-positron  pairs  or  is  simple  the  effect  of  the  formation  of 
the  pairs  (see  Fig.  4.2). 
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They  usually  disregard  the  processes  of  nuclear  photo  effect, 
nuclear  scattering,  etc.  with  the  energies  of  7-quanta  to  10  MeV. 

With  the  high  energies  of  the  primary  7-quanta,  characteristic  for 
the  cosmic  radiation,  these  processes  can  give  the  significant 
contribution  to  the  general/common/total  effect  of  the  action  of 
7-radiation  on  the  substance.  Thus,  for  instance,  if  quantum  energy 
exceeds  energy  of  binding  of  nucleon  in  the  atomic  nucleus,  then 
during  interaction  of  quantum  with  the  nucleus  the  extraction  of  the 
nucleon  (this  process  by  analogy  with  the  photo  effect  of  atom  is 
called  nuclear  photo  effect)  can  occur. 


As  a  result  of  interaction  of  7-quanta  with  the  substance  occurs 
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the  absorption  of  their  energy  and  emergence  in  the  substances  of 
secondary  radiation  namely:  fluorescence,  bremsstrahlung , 
annihilation  radiat ion/emiss ion .  The  appearing  charged/loaded  ions 
can  lead  to  the  formation  of  atomic  defects  (intermediate 
atom-vacancy ) . 

Photoelectric  absorption  is  characterized  by  the  process  of 
interaction  7-quantum  with  the  electron  of  the  atom,  with  which 
7-quanta  it  is  absorbed  by  atom. 
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Table  4.8.  Classification  of  the  possible  forms  of  interaction  of 


7-radiation  with  substance. 
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Key:  (1).  Object  of  interaction.  (2).  Forms  of  processes.  (3). 
Absorption.  (4).  Elastic  scattering.  (5).  Inelastic  scattering.  (6). 
Atomic  electrons.  (7).  Photo  effect.  (8).  Classical  scattering  on 
electrons.  (9).  Compton  effect.  (10).  Nucleons.  (11).  Nuclear  photo 
effect.  (12).  Classical  scattering  on  nuclei.  (13).  Coulomb  field. 
(14).  Pair  formation.  (15).  Scattering  Delbruck.  (16).  Meson  field. 
(17).  Meson  interaction. 
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Energy  7-quantum  is  expended/consumed  on  the  communication/report  to 
electron  of  the  speed  (it  converts/transfers  into  the  kinetic  energy 
of  electron)  and  on  overcoming  of  electron-binding  energy  in  the 
atom.  Consequently,  energy  7-quantum  must  be  compulsorily  more  than 
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electron-binding  energy  in  the  atom. 

The  formation/education  of  vacant  place  (empty  level)  at  the 
appropriate  energy  level  of  electron  shell  is  the  consequence  of 
photo  effect.  In  this  place  it  can  in  turn  pass  electron  from  another 
energy  level,  which  leads  to  the  emission  of  the  quantum  of 
characteristic  radiation/emission.  The  transition  of  electrons  to  the 
empty  levels  causes  the  isolation/liberation  of  the  energy  excess, 
which  can  be  the  consequence  of  the  Auger  effect  -  escape  from  the 
atom  of  electron  from  the  external  electron  level. 

Thus,  with  the  photo  effect  energy  of  7-quanta  is 
expended/ consumed  on  the  extraction  from  the  atom  of  photoelectrons 
and  Auger  electrons  and  communication/report  to  them  of  kinetic 
energy,  and  also  in  insignificant  quantities  for  the 
formation/education  of  the  quanta  of  characteristic 
radiation/emission. 

The  degree  of  the  energy  absorption  of  7-radiation  is  considered 
with  the  aid  of  the  photoelectric  absorption  coefficient.  Linear 
photoelectric  absorption  coefficient  r  is  equal  to  the  sum  of  the 
linear  coefficients,  which  consider  energy  conversion  of  7-quanta 
into  the  kinetic  energy  of  electrons  _tK_  and  energy  of  characteristic 
radiation/emission  namely: 


T-Tk  +  T*. 


(4.11) 


DOC  =  83167507 


PAGE 


It  is  possible  to  accept  in  the  majority  of  the  practical  cases 
for  the  radio  engineering  materials  that  during  -he  photoelectric 
absorption  entire/all  energy  of  7-radiation  converts/transfers  into 
the  energy  of  photoelectrons. 

Compton  effect  occurs  on  the  electrons  of  atom.  In  this  case 
7-quanta  loses  the  part  of  its  energy  and  is  changed  direction  of 
motion,  i.e.,  occurs  the  process  of  scattering;  the  energy, 
transmitted  to  electron,  is  expended/ consumed  on  the  electron 
detachment  from  the  atom  and  the  communications/ reports  to  it  of 
speed  (kinetic  energy).  Quanta  can  be  scattered  in  any  directions. 

Page  148. 

The  greater  the  energy  7-quantum,  the  less  the  mean  angle  of  its 
divergence  from  the  initial  direction.  Electrons  from  the  atom  can 
escape  in  the  limits  of  angle  [25] 

-f>8>— f- 

The  scattered  7-radiation  is  formed  as  a  result  of  processes  of 
Compton  interaction  of  7-quanta  with  the  substance.  If  the 
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sizes/dimensions  of  dissipative  material  are  sufficiently  great,  then 

the  value  of  quantum  energy  descends  as  a  result  of  repeated 

processes  of  scattering  also  the  effect  of  photoelectric  absorption 

occurs  finally. 

» 

With  the  decrease  of  energy  the  7-quantum  decreases  and  the 
portion  of  its  energy,  lost  by  the  scattering,  since  photo  effect 
becomes  more  probable. 

The  linear  coefficient  of  Compton  interaction  a  can  be 
represented  in  the  form 

o=“a„+o„  (4.12) 

where  a»i  and  -  linear  interaction  coefficients,  which  determine 
energy  conversion  7-quantum  into  the  energy  of  recoil  electrons  and 
energy  of  the  scattered  quanta  respectively. 

The  effect  of  the  formation  of  electron-positron  pairs  is 
observed  during  interaction  of  7-quanta  with  coulomb  field  of 
nucleus.  As  a  result  of  this  interaction  of  7-quanta  completely  loses 
its  energy  and  is  formed  the  pair  of  particles  positron-electron. 
Consequently,  this  effect  can  occur  with  the  energy  the  7-quantum, 
which  is  more  than  total  rest  energy  of  positron  and  electron,  i.e., 
it  is  more  than  the  doubled  rest  energy  of  electron  2m„sJ=1.02  MeV . 
The  remaining  part  of  the  energy  7-quantum  (minus  energy  2m0s:)  is 
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converted  into  the  kinetic  energy  of  electron  and  positron.  Positron 
in  turn  interacts  with  the  electron  of  medium;  this  interaction  leads 
to  the  formation  of  two  quanta  of  annihilation  radiation/emission. 
This  secondary  radiation  occurs  with  the  larger  probability  in  the 
positrons,  which  were  retarded  to  the  kinetic  energy,  close  to  zero, 
i.e.,  energy  of  7-quanta  will  be  equal  to  approximately  0.51  MeV. 
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During  the  calculation  of  the  effect  of  pair  formation  they  use 
the  appropriate  coefficients.  The  linear  pair-production  coefficient 
it  is  accepted  to  designate  K  or  <  ,  and  the  part  of  the  coefficient, 
which  characterizes  energy  consumption  7-quantum,  that  proceeds  with 
communication/report  to  electron  and  to  the  positron  of  kinetic 
energy,  designate  /C  and  calculate  from  relationship/ratio  [26] 


where  E '  -  energy  of  primary  7-quantum. 

In  the  practice  under  the  influence  of  7-radiation  on  the 
articles  of  electronic  engineering  they  usually  deal  concerning  the 
flow  of  7-  quanta  of  different  energy,  which,  as  a  rule,  interact 
with  different  substances.  Therefore  the  absorption  of  7-quanta  in 
the  articles  of  electronic  engineering  will  occur  simultaneously  as  a 
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result  of  the  course  of  the  processes  of  photoabsorption,  Compton 
effect  and  effect  of  pair  formation.  The  relationship/ratio  between 
these  effects  depends  in  essence  on  the  energy  radiation  spectrum  and 
atomic  number  of  substance. 


Fig.  4.4  shows  the  regions  of  energies  of  elements/cells  with 
different  atomic  numbers,  in  which  predominates  one  or  another  the 
effect.  The  dividing  lines  are  carried  out  so  that  the  probability 
for  the  adjacent  processes  is  identical  along  these  lines. 

For  7-quanta  with  low  energy  characteristically  photoelectric 
absorption.  With  an  increase  in  the  atomic  number  of  substance 
increases  the  range  of  energy  of  7-quanta,  with  which  predominates 
the  probability  of  photo  effect  (region  A  Fig.  4.4).  For  example,  in 
lead  with  Z=82  this  process  predominates  to  the  energy  0.5  MeV. 
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Fig.  4.4.  The  regions  of  energies,  in  which  predominate  different 
basic  processes  during  interaction  of  7-quanta  with  the  substance 
(according  to  Evans):  A  -  photoelectric  effect;  B  -'pair  formation  B 
-  Compton  effect. 

Key:  (1).  MeV. 

Page  150. 

The  effect  of  pair  formation  is  predominant  for  7-quanta  with 
the  high  energy  and  its  probability  increases  with  an  increase  in  the 
atomic- number  of  the  irradiated  substance  (region  B  Fig.  4.41). 

Compton  effect  is  most  characteristic  for  the  light  substances, 
i.e.,  substances  with  the  small  atomic  number,  in  the  sufficiently 
broad  band  of  energies  of  7-quanta  (region  B  Fig.  4.4).  The 
probability  of  interaction  of  7-radiation  with  the  substance,  and 
also  the  probability  of  weakening  the  flow  of  7-quanta  are 
characterized  by  the  linear  coefficient  of  absorption  (weakening),  by 
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cross  section,  mass  coefficient  of  weakening,  by  electronic  and 
atomic  absorption  coefficients  [5,  16,  26,  27]. 


The  linear  coefficient  of  weakening  m  for  7-quanta,  and  for  the 
particles  of  the  straight/direct  ionization  is  also  the  probability 
of  interaction  of  quantum  (particle)  with  the  substance  per  unit  of 
the  length  of  its  path  in  this  substance.  For  the  monoenergetic  beam 
of  7-radiation  the  linear  coefficient  of  weakening  is  calculated  from 
the  formula 


H  =  T+<Jt  K. 


(4.14) 


Dimens ional i ty  ts  is  expressed  in  reciprocal  values  of  length 
(m* 1 ,  cm' 1 ,  etc . ) . 


The  value,  reciprocal  to  the  linear  coefficient  of  weakening, 
1/m,  is  called  mean  free  path  7-quantum  (or  any  other  particles)  in 
this  substance  or  medium. 


The  complete  cross  section  of  interaction  of  7-quanta 
designed  for  one  atom,  is  equal 

’•=T=T+T+T’  <4J5> 

where  q  -  number  of  atoms  in  1  m3  of  substance. 


The  mass  coefficient  of  weakening  m/p  is  the  probability  of 
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interaction  of  quantum  (particle)  with  the  substance  and  has  a 
dimensionality  m2*kg‘l  or  cm2*g'2. 


Consequently,  the  mass  coefficient  of  weakening  -  these  are  a 
number  of  interactions  of  quantum  (particle)  with  the  substance  with 
the  passage  by  them  the  unit  of  the  cross-sectional  area  of  substance 
from  the  mass  assigned  by  one. 
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The  mass  coefficient  of  weakening  consists  of  the  sum  of  the 
coef f icients 


H- 


? 


(4.16) 


X  9  A  „ 

where  — •  —  and  —  -  mass  coefficients  of  weakening  aue  to 
photoelectric  absorption,  Compton  effect  and  the  effect  of  pair 
formation  respectively; 


p  -  substance  density. 


The  mass  coefficient  of 


determined  also  according  to 


(*  I  dN 
f  *"^77”  dx  ' 


weakening  in  the 
the  formula 

(4.17) 


substance  can  be 


where  N  -  number  of  7-quar.ta,  which  fall  normally  to  the  layer  of 


the 
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substance  with  a  thickness  of  dx  and  density  p; 

dN  -  number  of  7-quanta,  which  are  found  in  interaction  with  the 
atoms  in  this  layer  of  substance. 

Dependence  (4.17)  is  valid  during  the  determination  of  the  mass 
coefficients  of  weakening  for  the  photo  effect,  the  Compton  effect 
and  the  effect  of  pair  formation.  In  this  case  dN  corresponds  to  a 
number  of  7-quanta,  which  interact  in  the  layer  of  substance 
according  to  the  reactions,  characteristic  for  this  effect. 

The  values  examined,  as  already  mentioned  earlier,  characterize 
the  total  probability  of  interaction  of  7-raaiation  with  the 
substance,  but  they  do  not  give  the  possibility  to  determine  the 
value  of  transferred  in  this  case  energy  of  7-quanta.  The  transferred 
energy  includes  the  energy,  transmitted  to  electrons  in  the  processes 
of  photo  effect,  scatterings  and  pair  formation.  The  energy,  expended 
for  the  formation/educations  of  the  quanta  of  character istic  and 
annihilation  radiations/emissions,  and  energies  of  the  scattered 
quanta  are  not  considered. 
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Thus,  the  mass  coefficient  of  weakening  7-radiation  is  equal  to 
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the  sum  of  two  coef f icients ,  namely: 

(4.18) 

where  ~ —  part  of  the  mass  coefficient  of  weakening,  which  considers 
the  energy  conversion  of  7-quanta  into  the  energy  of  secondary 
quantum  radiation/emission  (scattered  quanta,  characteristic 
rays/beams,  annihilation  radiation/ emission) ; 

—r~  -  part  of  the  mass  coefficient  of  weakening,  which  considers 
the  conversion  of  energy  of  7-quanta  into  the  kinetic  energy  of 
electrons . 

IJ-w 

in  accordance  with  the  recommendations  of  international  board 
for  radiological  units  and  to  measurements  they  call  the  mass 
conversion  factor  of  energy,  while  m-«  -  by  linear  gear 
ratio/transmission  factor  of  energy  [27].  Sometimes  in  the 
scientif ic -technical  literature  coefficient  is  called  the 
coefficient  of  proper  absorption  and  they  designate  y  „  or  by  the 
coefficient  of  electronic  conversion  (7). 


The  mass  conversion  factor  of  energy  considers  the  transmitted 
energy  of  primary  7-quanta  to  the  electrons  of  substance  and 
therefore  it  can  be  also  determined  from  the  relationship/ratio 

p  fEdx  ’  ’ 

where  E  -  sum  of  energies  of  7-quanta  of  the  primary 
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radiat ion/emiss ion ,  passing  through  the  layer  of  the  substance  with 
thickness  of  dx ,  arranged/located  normal  to  the  direction  of 
propagation  of  radiant  flux; 

dE,<  -  stun  of  initial  kinetic  energies  of  all  charged/loaded 
particles,  which  appear  as  a  result  of  interaction  of  7-quanta  with 
the  substance  in  the  layer  with  a  thickness  of  dx . 

It  is  necessary  to  consider  that  the  energy,  transferred  by 
7-radiation  to  substance,  can  be  expended/consumed  in  turn  not  only 
on  the  communicat ion/report  to  the  electrons  of  kinetic  energy,  but 
also  on  the  bremsstrahlung . 

Page  153. 

Therefore  the  mass  conversion  factor  of  energy  can  be  more  than  the 
coefficient  of  energy  absorption,  and  consequently,  it  will  not 
always  characterize  absorbed  energy. 

^=-^(1-?).  (4.20) 

where  -  mass  coefficient  of  the  energy  absorption  of  quanta; 

0  -  coefficient,  which  considers  the  lost  energy  of  secondary 
charged/loaded  particles  to  the  br emsstrahlung  in  this  subst^n-  . 
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Coefficients  y-  and  ~y  virtually  have  identical  values,  until 
kinetic  energy  of  secondary  charged/loaded  particles  more  or  is 
compared  with  their  rest  energy.  Usually  energy  of  bremsstrahlung  in 
the  substances  with  the  atomic  number  less  than  15  with  the  energy  o 
primary  7-radiation  of  below  10  MeV  are  disregarded.  If  with  the 
energy  of  initial  7-quanta  to  10  MeV  virtually  it  was  possible  to 
consider  that  kinetic  energy  of  the  formed  charged/loaded  particles 
is  completely  transferred  to  the  medium  (they  disregarded  radiation 
losses),  then  at  the  values  of  energy  of  7-quanta,  large  10  MeV, 
energy  consumption  per  bremsstrahlung  plays  the  significant  role. 
This  is  explained  by  the  fact  that  during  interaction  with  the 
substance  of  yrquanta  with  the  energy  in  several  ten-hundred  million 
electron  volt  are  formed  electrons  and  positrons  from  the  somewhat 
smaller  values  of  energy.  The  latter,  passing  through  the  substance, 
convert  the  significant  part  of  the  energy  into  the  bremsstrahlung, 
which  in  turn  leads  to  formation  of  pair  electron-positron  and  so 
forth  (Fig.  4.5)  [26]. 

With  the  bremsstrahlung  annihilation  radiation/emission 
simultaneously  occurs.  The  increase  of  particle  flux  to  quanta 
depends  on  the  irradiated  substance,  its  thickness  and  initial  energ; 
of  7-quanta.  Consequently,  energy  of  initial  7-quanta  is 
expended/consumed  on  the  avalanche-type  flow  of  an  enormous  number  o 
positrons,  electrons  and  7-quanta.  In  this  case  the  energy  of  the 
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subsequent  particles  and  quanta  decreases.  The  photoelectric 
absorption  of  7-quanta  occurs  finally. 

Page  154. 

Since  the  large  part  of  the  energy  of  positrons  and  electrons  is 
converted  into  the  quantum  energy  of  bremsstrahlung,  the  transmitted 
energy  of  primary  7-radiation  cannot  be  the  equal  absorbed  energy. 

Thus,  as  a  result  of  the  effects  examined  in  the  substances 
occurs  the  formation  of  electrons.  Energy  of  the  generatrices  of 
electrons  is  expended/consumed  on  ionization  and  atomic  excitation 
and  molecules,  also  to  an  increase  in  the  temperature  of  substance 
and  to  the  energy  of  bremsstrahlung.  During  interaction  of  primary 
electrons  with  the  atoms  and  by  molecules  are  formed  the  secondary 
electrons  and  positive  ions.  With  the  energies  of  secondary  ones, 
tertiary  and  so  forth  of  the  electrons  lower  than  ionization  energy 
they  decelerate  to  thermal  energy  of  the  motion  of  the  atoms  of 
substance  and  can  be  connected  to  neutral  atom  or  molecule  of 
substance,  forming  negative  ions.  If  energy  of  the  electrons  higher 
than  ionization  energy  of  the  atoms  (usually  them  they  call 
5-electrons),  then  they  produce  ionization. 


For  the  7-radiation,  which  appears  in  the  processes  of  the 
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artificial  divisions  of  uranium  and  plutonium  isotopes,  during  the 
practical  calculations  of  absorbed  energy  in  the -substance  only  the 
coefficient  of  Compton  effect  is  considered.  Table  4.9  gives  the 
values  of  the  medium  energy  of  the  Compton  electrons,  which  appear 
during  the  bombardment  of  substance  with  7-quanta. 

The  ionizing  action  of  electrons  and  7-radiation  in  this 
substance  usually  is  evaluated  according  to  the  medium  energy  of  the 
ionization  (sometimes  is  applied  term  "average/mean  ionization 
potential"),  expended  for  the  formation/education  of  one  ion  pair. 
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( i )  nep6uinyi 
f-KtaMm 


radiation/emission. 


the  formation/education  of  avalanche-type 


Key:  (1).  Primary  of  7-quanta. 
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Medium  energy  for  the  formation/education  of  ion  pair  in  the  gas 
is  equal  to 


E 


(4.21) 


where  E  -  energy,  spent  on  the  ionization  and  excitation.  The  value 
of  absorbed  energy  of  7-quanta  represents  for  the  7-radiation  E; 


Vw  -  average  number  of  forming  ion  pairs  under  the  condition  of 
the  complete  retardation  of  the  charged/loaded  particles  in  the 
substance . 


During  the  calculation  of  the  medium  energy  of  ionization  it  is 
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assumed  that  during  the  braking  in  the  substance  of  particle  the 
number  of  ion  pairs,  proportional  to  its  wave  energy  and  which  does 
not  depend  on  the  type  of  particle,  is  formed;  this  energy  loss  to 
the  formation/education  of  ion  pair  depends  only  on  nature  of  gas. 
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Table  4.9.  The  medium  energy  of  the  Compton  electrons,  which  appear 
in  the  substance  during  irradiation  by  7-quanta. 


(0  3n«priHi  t-kuh- 
roa,  M»4 


KOMIITOMoacaOfO 
sjM'KTpoMa,  Mm 


0,0002 

0,0004 

0,0007 

0,0016 

0,0027 

0,0040 

0,0056 

0,0094 

0,0138 

0,0272 

0,0432 

0,0809 

0,124 

0,171 

0,221 

0,327 

0,440 


)3n<prH« 

KaaMTo«t 

Ms* 

S  CpCAHftM  SHCpTHfl 

1  ftOunroHnacKoro 

VICKTPOH1,  Ms* 

1,50 

0,742 

2,00 

1,061 

3,00 

1,731 

4,00 

2,428 

5,00 

3,140 

6,00 

3,864 

8,00 

5,338 

10 

6,835 

15 

10,65 

20 

14,53 

30 

22,42 

40 

30,4 

60 

38,5 

60 

46,6 

80 

62,9 

100 

79,4 

Key:  (1).  Energy  of  7-quanta,  MeV.  (2).  Medium  energy  of  Compton 
electron,  MeV. 
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The  numerical  values  of  the  medium  energy  of  ionization  for  the  gases 
little  change  in  the  range  of  energies  from  several  kiloelectronvol ts 
and  it  is  above  and  in  effect  for  different  gases  they  are  within  the 
limits  from  27  to  42  eV  (table  4.10)  [24]. 
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According  to  the  experimental  data  it  is  established/installed 
[26],  that  the  medium  energy  for  the  format ion/educat ion  of  ion  pair 
in  air  is  constant  in  energy  range  from  20  keV  to  3  MeV  and  is  equal 
to  in  average/mean  34  eV.  Table  4.11  gives  the  average/mean  values  of 
ionization  energy  in  air  for  some  forms  of  the  ionizing 
radiations/emissions . 

Besides  the  processes  of  ionization  under  the  influence  of 
7-radiation  on  the  substance,  as  a  result  of  elastic  collisions  of 
primary  electrons  with  the  nuclei  occurs  the  atomic  displacement. 
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Table  4.10.  The  medium  energy  of  ionization  for  different  gases  under 
the  influence  of  the  charged/loaded  particles. 


(0  r«» 

(»  CpeAMHX 

SHcpi  Hfl,  a* 

®  rjJ 

1  v-"'%aeprHn, 

Boaopoa  (31 

36,3 

Bo3Ayx  (<•) 

35,5 

42,7 

Knc.iopoa  ((d) 

32,5 

HeoH  ('ll 

36,8 

A30T  (?) 

36,6 

AproH  (*M 

26,4 

MeTan  ( (0 ) 

2*J .  2 

KpMrroH  0*1 

24.1 

SrmieH  (i'll 

28,0 

yr^cKHC^ufl  raa(i*3) 

34,5 

1 

Btah  (|4) 

20.6 

Key:  (1).  Gas.  (2).  Medium  energy,  eV.  (3).  Hydrogen.  (4).  Air.  (5). 
Helium.  (6).  Oxygen.  (7).'  Neon.  (8).  Nitrogen.  (9).  Argon.  (10). 
Methane.  (11).  Krypton.  (12).  Ethylene.  (13).  Carbon  dioxide.  (14). 
Ethane. 
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Table  4.11.  The  medium  energy  of  :he  ionization  of  some  types  of 
radiation/emission  for  air. 


l)  TWO  H3JT)4eHHH 

Cpeiuifti!  9nepfHH 
HOHtOaUHH,  il 

(3> 

SjieKipoHbi  c  iHepriieH: 

9—17,5  Ms* 

1-34  .Wja  (3 

! 

34,3 

33,8 

(4)  raMMa-KuaiiThi  c  sneprMefl  2  ,Uj« 

33,9 

(V)  ripoTOHu  c  snepriieH  340  .Vfja 

33,6 

Key:  (1).  Type  of  radiation/emission.  (2).  Medium  energy  of 
ionization,  eV.  (3).  Electrons  with  energy.  (4).  MeV.  (5). 
Gamma-quanta  with  energy  2  MeV.  (6).  Protons  with  energy  340  MeV. 
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The  probability  of  the  occurence  of  displaced  atoms  as  a  result  of 
direct  interaction  of  7-quanta  with  the  nuclei  of  substance  is  very 
small  (for  the  energies  of  7-quanta  to  10  MeV).- 


Thus,  for  instance,  energy  of  bias/displacement  for  the 
substance  with  an  atomic  weight  of  30,  transferred  by  7-quantum  with 
the  energy  1  MeV  by  means  the  photoelectron,  there  will  be  only  36 
eV.  It  is  necessary  to  note  that  the  dominant  role  in  the  atomic 
displacement,  just  as  with  the  ionization,  plays  Compton  interaction 
of  7-radiation  with  the  substance.  For  7-quanta  from  the  energy  1  MeV 
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and  less  a  number  of  atomic  displacements  rapidly  falls  from  an 
increase  in  the  atomic  number  of  substance.  Table  4.12  gives  some 
values  of  the  value  of  the  effective  cross  section  of  atomic 
displacement  under  the  action  of  7-rays  as  a  result  of  the  Compton 
effect;  threshold  energy  of  bias/displacement  was  accepted  equal  to 
25  eV  [3]. 

Atomic  biases/displacements  in  the  substance  due  to  the 
conversion  of  energy  of  electronic  excitation  into  the  _:.ergy  of 
bias/displacement  are  possible  also  under  the  action  of  7-quanta. 
These  mechanisms  must  be  especially  characteristic  for  insulation. 

According  to  Seitz's  assumption  [29]  during  irradiation  of 
7-quanta  are  formed  exciton-localized  regions  of  electronic 
excitation. 
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Table  4.12.  Calculated  values  of  the  effective  cross  section  of 
atomic  displacement  under  the  action  of  7-radiation  by  the  Compton 
mechanism. 


to 

I 

[  3N?prU«  f -KIWMTOl, 

l  M  ** 

- C51 - 

9<t>cfce  KTMBMcm  rrornt- 

P«MHOC  CMCUiCHUf 

1  to  mo  11 ,  Gap* 

0,5 

0,02 

yr/iepoa 

1,0 

0, 14 

2.0 

0,43 

tfi) 

0,5 

0 

Meab 

1,0 

0,046 

2,0 

1 ,40 

3ojioto 

0,5 

1 .0 

0 

0 

Key:  (1).  Element/cell.  (2).  Energy  of  7-quanta,  MeV.  (3).  Effective 
transverse  displacement  of  atoms,  barn.  (4).  Carbon.  (5).  Copper. 

(6).  Gold. 

Page  158. 

Excitons  move  in  the  crystal  until  they  meet  any  lattice 
imperfection;  here  exciton  energy  is  transferred  to  lattice  and  local 
hot  region  is  formed.  This  transmission  of  energy  can  be  in  the 
places  of  inequalities  in  the  dislocation  lines,  which  will  produce 
the  short-term  heating  of  lattice  in  these  places  and  the  attachment 
of  dislocation,  i.e.,  on  such  inequalities  can  occur  the  "boil-off" 
of  vacancies.  Possible  also  that  the  free  electrons  and  holes  will 
recombine  and  free/release  energy  in  these  places. 
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Varli  [30],  examining  substances  with  the  strong  ionic  bonds,  it 
assumed  that  during  irradiation  by  7-quanta,  by  X-rays  and  by  the 
charged/ loaded  particles  some  negative  ions  will  be  deprived  of  two 
and  more  than  electrons  and  as  a  result  of  this  to  acquire  positive 
charge.  The  formed  positive  ion  under  the  effect  its  of  other  its 
positive  ions  can  be  ejected  into  the  interstice,  where  it  acquires  a 
sufficient  quantity  of  electrons  for  the  neutralization.  The  emergent 
vacancy  lattice  can  take  electron  and  become  into  the  f-center. 
Interstitial  atom  will  remain  in  the  interstice  or  it  will  diffuse 
and  finally  it  will  prove  to  be  any  seized  defect. 


In  the  case,  most  the  frequently  encountered  in  the  practice, 
simultaneous  effect  gamma-  and  neutron  radiation/emission  with  the 
approximately/exemplar ily  equal  energies  and  the  densities  of  flows 
the  contrib'  tion  of  7-quanta  to  the  total  effect  of  bias/displacement 
it  is  possible  to  disregard. 

4.5.  Radiation  durability  of  materials. 
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semiconductors  and  different  organic  compound-dielectrics,  resin, 
fillers,  etc. 

Among  these  materials  the  metals  are  least  sensitive  to  the 
radiation,  since  the  high  concentration  of  free  carriers  is 
characterist ic  to  metals,  and,  at  the  same  time,  the  properties  of 
metals  little  depend  on  the  presence  of  lattice  defects. 
Semiconductor  and  organic  materials  are  most  sensitive  to  the  effect 
of-  radiation. 
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Table  4.13.  Maximum  permissible  neutron  fluxes  and  exposure  doses  of 
7-radiations  for  the  radio  engineering  materials. 


-  „ 

ilonycTN&A*  tKcnotn- 

MeflTpOJIOa,  HfM* 

uaouaaa  aom  T-odjy 

p 

<•*4^  MarepHajiu  c  o'letib  m  h  3  k  0  ft  payiHauHouiioA 

CTOftKOCTb  K> 

C^llaaynpoBoAHHKH  10**— 10"  10*— 10* 

CtArioJiHTeTpaiJrTopsTHaeH  10"  10*— 10* 

CnKpeMiiuft-opraiumecKoe  ua-  7- 10*7 — 3-  10IB  10* 

CJIO 

fOMeTMjJMeraKpHviaT  (opraHH-  101*  10* 

leacoe  cTeKJio) 


(l))M(TepMajiu  c  h  h  3  k  o  A  p  a  a  a  a  u  h  0  a  a  0  ft 

CTOftKOCTblO 


l^Auerar-uejuiKwicoa  (Cyuara)  10'*— 10"  5-10* — 4  - 10’ 

Qfi<t>eHOJibHbie  cmojw  (6«3  aa-  7- 10'*  10' 

nojiuHTejM) 

(nXlojiaaMHAU  4-101*  7-10* 

(tftflailMBHHHJIX/lOpHA  10"  10* 

(pftMaTopaa flu  co  cpbahbA  p.aa.UHOHaofl 

CTOftKOCTblO 

(^■caojibHiiie  cMOJibi  c  opra-  10"  10* 

HmecKMM  HanoAHHTeJien 

C^flojiiiynwea  10*'  10* 

(ftfCTeKJIOTKaHb  10**  10* 

(#3noKCHAHbie  jukh  —  5.10*— 10* 

(riHirrpauK  —  5- 10* 

(5<J)MaTepaaAbi  c  BbicoKofl  paAaauHoaaoft 

CTOftKOCTblO 


OtyCreiuio 
(■*MCiuoaa 
|  fjjjriojiHCTHpoji 


10*'— 10" 
10" 

10"— 10" 


fg^MaTBpMBAU  C  OH6Hb  BUCOKOft  p  •  A  ■  »  A  H  0  ■  H  O  • 
CTOftKOCTblO 


(SBlKaapn 
(‘TWCtckjiocjiiom 
(ZUCepaiwiu  (cream) 
(^^Mbtuim 


10** 

10" 

10" 

10"— 10" 


Note.  By  maximum  permissible  by  flow  and  by  dose  are  understood 


such  flows  (doses),  with  which  the  character ist ics  of  materials 
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deteriorate  to  35%;  these  flows  (doses)  were  determined  at  the 
density  of  flows  10i5-10l‘  n/s*m2  and  the  rate  of  dose  102-104  p/s. 

Key:  (1).  Form  of  material.  (2).  Permissible  neutron  flux,  n/m2.  (3). 
Permissible  exposure  dose  of  gamma- irradiation,  p.  (4).  Materials 
with  very  low  radiation  durability.  (5).  Semiconductors.  (6). 
Polytetraf luoroethylene .  (7).  Silicon  oil.  (8).  Methyl  methacrylate 
(organic  glass).  (9).  Materials  with  low  radiation  durability.  (10). 
Cellulose  acetate  (paper).  (11).  Phenolic  resin  (without  filler). 
(12).  Polyamides.  (13).  Polyvinyl  chloride.  (14).  Materials  with 
average/mean  radiation  durability.  (15).  Phenolic  resin  with  organic 
filler.  (16).  Polyethylene.  (17).  Fiberglass  fabric.  (18).  Epoxy 
varnishes.  (19).  Nitrate  dope.  (20).  Materials  with  high  radiation 
durability.  (21).  Glass.  (22).  Mica.  (23).  Polystyrene.  (24). 
Materials  with  very  high  radiation  durability.  (25).  Quartz.  (26). 
Glass-mica.  (27).  Ceramics  (steatite).  (28).  Metals. 
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As  a  result  of  the  effect  of  the  ionizing  radiations/emissions 
on  the  semiconductor  materials  change  their  following  fundamental 
characteristics:  conductivity,  lifetime  of  minority  carriers, 
mobility  of  carriers  and  Hall  coefficient.  Under  the  influence  of  the 
ionizing  radiations/emissions  on  the  organic  insulating  and 
dielectric  materials  such  parameters,  as  electrical  conductivity, 
dielectric  constant  and  loss  tangent  change. 

Inorganic  materials  (ceramics,  glass,  quartz,  etc.)  are  less 
sensitive  to  the  effect  of  radiation  than  organic  materials.  For  the 
inorganic  dielectrics  under  the  effect  of  those  ionizing 
radiation/ emission  it  is  also  characteristic  a  change  in  electrical 
conductivity,  dielectric  constant  and  loss  tangent. 
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Table  4.14.  The  exposure  doses  of  the  space  ionizing 
radiations/emissions,  during  which  occurs  a  noticeable  change  in  the 


properties  of  materials. 


0) 

MITCPHM 
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CaoAcTU 
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HOCTb 

(0'-!0" 
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0OirrimecKaH  npoapaq- 

HOCTb 

(a,MexaHHMecKHe 

(■'•BjieKTpHMecKHe 

10‘— 10" 

5*10" 

>10" 

Kliapit 

©OnTHsecxaH  npo3pa<i- 

HOCTb 
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7 

o 

riojiyn^oooniiHKH 
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M«tmau 

(*; 

Q^toeppoMarMeTH3M 
(s)MexaiiHHet:Kiie  h  sjick- 
Tp«4ecKHe 

10" 

>10" 

Key:  (1).  Material.  (2).  Properties.  (3).  Exposure  dose  of 
ionization,  rad.  (4).  Polytetraf luoroethylene.  (5).  Mechanical  and 
electrical.  (6).  in  air.  (7).  without  air.  (8).  Other  plastics.  (9). 
Optical  transmission.  (10).  Oils  and  lubrication.  (11).  Lubricating, 
conistency.  (12).  Ceramics,  glass.  (13).  Mechanical.  (14). 
Electrical.  (15).  Vitreosil.  (16).  Semiconductors.  (17). 
Nonbasic/minority  electrical  conductivity.  (18).  Metals.  (19). 
Ferromagnetism. 
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Table  4.15.  Change  in  the  properties  of  materials  under  the  effect  of 
the  space  ionizing  radiation/emission  (time  of  radiation  effect  from 
several  months  to  several  years)  [31]. 


The  conventional  designations: 

-  -  practical  changes  are  not  observed? 

+  -  radiation/emission  does  produce  change  in  the  properties  in 
especially  sensitive  materials; 

+  +  -  radiation/emission  does  produce  change  in  the  properties  in  the 
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majority  of  materials  of  this  type; 

X  -  properties  of  materials  do  have  substantial  changes; 

?  -  not  entirely  precision  determination  of  the  values  indicated. 

Key;  (1).  Material.  (2).  Properties.  (3).  Internal  radiation  belts. 
(4).  External  radiation  belts.  (5).  Solar  radiation.  (6).  Primary 
cosmic  radiation,  layer  to  100  kg/mJ .  (7).  surface  layer.  (8).  layer 
10  kg/m1.  (9).  Polytetraf luoroethylene.  (10).  Mechanical  and 
electrical.  (11).  in  air.  (12).  without  air.  (13).  Other  plastics. 
(14).  Optical,  mechanical,  electrical.  (15).  Oils  and  lubrication. 
(16).  Lubricating,  conistency.  (17).  Ceramics  and  glass.  (18). 

Optical  transmission.  (19).  Vitreosil.  (20).  Semiconductors.  (21). 
Nonbasic/minority  electrical  conductivity.  (22).  Basic  electrical 
conductivity.  (23).  Metals.  (24).  Ferromagnetism,  electrical, 
mechanical. 

Page  162. 

Together  with  a  change  in  the  electrical  parameters  of  materials 
a  change  in  their  mechanical,  optical  and  other  properties  occurs  in 
a  number  of  cases,  as  already  mentioned.  Therefore  the  sensitivity  of 
radio  engineering  materials  to  the  effect  of  the  ionizing 
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radiations/emissions  it  is  desirable  to  define  both  with  respect  to 
the  change  in  the  electrical  parameters  and  with  respect  to  a  change 
in  other  properties,  which  can  lead  to  a  change  in  the  parameters  of 
radioelements,  prepared  from  these  materials. 

» 

Table  4-13  gives  the  tentative  information  about  the  maximum 
permissible  neutron  fluxes  and  the  exposure  doses  of 

gamma- irradiation  for  the  radio  engineering  materials;  information  is 
grouped  on  the  durability  of  materials,  determined  with  respect  to  a 
change  in  the  electrical  and  mechanical  parameters1. 

The  exemplary/approximate  estimated  values  of  the  exposure  doses 
of  the  space  ionizing  radiations/emissions,  during  which  are  observed 
changes  in  the  mechanical,  electrical  and  optical  properties  of 
materials,  according  to  the  data  of  work  [31]  are  shown  in  Table 
4.14. 


According  to  the  degree  of  a  change  in  the  parameters  of 
materials  and  expected  intensities  of  radioactivity  it  is  possible  to 
determine  the  degree  of  the  damage  of  materials  in  the  process  of 
their  operation  under  the  actual  conditions.  As  an  example  Table  4.15 
gives  possible  changes  in  the  properties  of  materials  under  the 
effect  of  the  ionizing  radiations/emissions  of  the  Earth  radiation 
belts,  solar  and  cosmic  rays.  Table  is  comprised  according  to  the 
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results  of  the  comparison  of  the  conditions  of  the  work  (see  Table 
3.7,  3.11)  and  the  radiation  durability  of  materials  ("fable  4.14). 

4.6.  Radiation  durability  of  radioelements  and  electronic  devices. 

The  reaction  of  electric  vacuum  and  semiconductor  devices,  radio 
parts,  radio  components  and  articles  of  electrical  engineering  to  the 
effect  of  the  ionizing  radiations/emissions  is  more  complicated  than 
the  reaction  of  materials. 

FOOTNOTE  1 .  For  insulation  the  data  in  essence  are  cited  according  to 
the  results  of  the  foreign  materials,  generalized  by  Z.  A. 
Zharkovskaya.  Data  using  other  materials  are  cited  in  [2,  4,  33]. 
ENDFOOTNOTE . 

Page  163. 

This  is  explained  by  the  fact  that  in  each  element/cell  are  included 
several  forms  of  different  materials,  in  which  different  processes 
can  occur  under  the  effect  of  the  ionizing  radiations/emissions,  in 
this  case  the  effect  of  one  process  on  another  is  possible. 
Consequently,  in  the  radioelements  under  the  radiation  effect  a 
change  in  almost  all  electrical  and  operating  characteristics,  which 
depend  on  the  course  of  the  processes  of  ionization  and  damage  of  the 
structure  of  materials,  is  possible. 
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Fig.  4.6.  Change  of  the  parameters  of  materials  and  radioelements  in 
the  dependence  on  the  power  of  the  exposure  dose  of  7-radiation  (on 
carbon).  Arrov/pointer  to  the  left  indicates  the  beginning  of  the 
emergence  of  the  reversible  changes;  solid  (black  strips)  - 
elements/cells  malfunctioned;  the  shaded  strips  -  elements/cells 
still  can  work.  Sign  >  means  that  a  change  in  the  parameters  occurs 
at  the  rate  of  the  dose,  greater  than  10 7  rad/s.  Letters  characterize 
the  degree  of  the  authenticity;  A  -  good,  B  -  incomplete,  C  - 
insufficient.  1  -  transistors;  2  -  diodes  of  the  general  purpose;  3  - 
Zener's  diodes;  4  -  Esaki's  diodes;  5  -  rectifiers;  6  -  magnetic 
materials;  7  -  solar  batteries;  8  -  phosphoruses;  9  -  optical 
instruments;  10  -  the  optical  glasses;  11  -  elements/cells  of  IR 
technology;  12  -  photocells;  13  -  resistors;  14  -  electron  tube;  15  - 
thyratrons;  16  -  spark  dischargers/gaps;  17  -  battery;  18  - 
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dielectric  materials;  19  -  organic  materials;  20  -  ceramic  materials; 
21  -  air;  22  -  capacitors/condensers;  23  -  aluminum  chemical 
capacitors;  24  -  tantalum  capacitors;  25  -  polyethylene  terephthalate 
capacitors/condensers;  26  -  mica  capacitors;  27  -  paper  capacitors; 

28  -  microcircuit;  29  -  semiconductors;  30  -  integrated  circuits  of 
the  type  TMM. 

Key:  (1).  Components.  (2).  rad/s. 
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Table  4.16.  Electrical  parameters  of  radioelements,  mos 
susceptible/most  critical  to  the  effect  of  the  ionizing 
radiations/emissions . 
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Key:  (1).  Forms  and  the  classes  of  elements/cells.  (2).  Most 
susceptible/most  critical  parameters  at  passage  in  elements/cells. 

(3).  reversible  changes.  (4).  irreversible  changes.  (5).  Transistors. 
(6).  Currents  through  reverse-biased  transitions.  (7).  Amplification 
factor,  opposite  collector  current.  (8).  Semiconductor  diodes.  (9). 
Saturation  current,  straight/direct  voltage  drop.  (10). 
Reverse/inverse  (in  germanium  ones)  and  straight/direct  (in  silicon 
ones)  branch  of  volt-ampere  characteristic.  (11).  Resistors.  (12). 
Resistance  (especially  in  high- impedance  ones).  (13).  Resistance. 

(14).  Capacitors/condensers.  (15).  Insulation  resistance,  dielectric 
power  factor.  (16).  Capacity/capacitance,  insulation  resistance. 

(17).  Generator,  modulator  and  receiver-amplifier  lamps.  (18). 

Leakage  currents  between  electrodes,  dielectric  strength.  (19). 
Emission  current  of  cathode,  current  of  anode,  mutual  conductance. 
(20).  Gas-discharge  instruments.  (21).  Dielectric  strength 
(voltate-ignitions) .  (22).  Ignition  voltage  "anode-cathode",  grid 
current  of  ignition,  grid  triggering  stress/voltage,  drop  in  voltage 
"space  charge  grid"  "anode-cathode".  (23).  Photoresistors .  (24).  Dark 
resistance.  (25).  Volt  sensitivity,  dark  resistance.  (26). 
Photodiodes.  (27).  Leakage  current.  (28).  Integral  sensitivity.  (29). 
Electrotechnical  articles.  (30).  Insulation  resistance,  dielectric 
strength.  (31).  Insulation  resistance,  wear  resistance,  contact 


resistance . 
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The  basic  electrical  parameters,  which  determine  the  radiation 
durability  of  the  radioelements  of  different  forms  and  classes,  are 
given  in  fable  4.16. 

Presents  some  generalized  work  [32]  data  according  to  the 
results  of  the  investigation  of  a  change  in  the  electrical  parameters 
of  radioelements  under  the  effect  of  neutron  and  7-radiations  in  Fig. 
4. 6-4. 8. 


On  the  diagram,  given  in  Fig.  4.9,  the  radiation  stability  of 
silicon  and  germanium  transistors  with  the  different  thickness  of 
basis  is  shown.  Data  relate  to  28  types  of  transistors.  The  left 
boundaries  of  rectangles  correspond  to  the  values  of  the  neutron 
fluxes  and  exposure  doses,  in  which  become  noticeable  the 
irreversible  changes,  caused  mainly  by  the  decrease  of  the  lifetime 
of  minority  carriers,  and  right  boundaries  -  values  of  flows  and 
doses,  in  which  the  characteristics  of  transistor  are  located  on  the 
face  of  suitability  [33]. 


DOC  =  83167508  PAGE 


(i)  KomoHeumbt 


Fig.  4.7.  Change  of  the  parameters  of  materials  and  radioelements  in 
the  dependence  on  the  neutron  flux  (designation  the  same  as  in  Fig. 
4.6.  Arrow/pointer  to  the  right  -  change  is  observed  with  the  flows 
indicated).  1  -  transistors;  2  -  germanium  If  transistors;  3  - 
germanium  hf  transistors;  4  -  silicon  If  transistors;  5  -  silicon  hf 
transistors;  6  -  diodes;  7  -  the  silicon  diodes  of  the  general 
purpose;  8  -  germanium  diodes  of  the  general  purpose;  9  -  Zener's 
diodes;  10-  -  Esaki's  diodes  silicon;  11  -  Esaki's  diodes  germanium; 
12  -  resistors;  13  -  rectifiers;  14  -  magnetic  materials;  15  - 
supermalloy;  16  -  iron  silicide;  17  -  solar  batteries;  18  -  electron 
tube  (glass). 

Key:  (1).  Components.  (2).  n/cm*. 
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From  Fig.  4. 6-4. 9,  it  follows  that  the  radiation  stability  of 
radioelements  oscillates  in  the  large  range  of  the  flows  (doses)  of 
the  ionizing  particles.  Therefore  by  the  correct  selection  of  the 
nomenclature  of  elements/cells  it  is  possible  to  increase 
substantially  the  radiation  stability  of  radio-electronic  equipment. 
Thus,  for  instance,  by  the  specialists  of  firm  Bendix  [34]  was 
studied  the  advisability  of  using  the  vacuum-tube  instruments  as  more 
radiation-resistant,  instead  of  the  semiconductor  devices  in  the 
equipment  of  spacecraft  with  the  nuclear  power  plants  aboard.  In  this 
case  the  estimation  of  the  advisability  of  replacement  according  to 
the  total  weight  of  equipment  and  protective  shields  was  produced. 
Table  4.17  gives  conditions,  with  which  this  replacement  can  be 
acknowledged  advisable. 
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Fig.  4.8.  A  change  of  the  parameters  of  materials  and  radioelements 
in  the  dependence  on  the  exposure  dose  of  7-radiation  (on  carbon) 
(designations  are  the  same  as  in  Fig.  4.6  and  4.7).  1  -  phosphoruses; 
2  -  optical  instruments;  3  -  the  optical  glasses;  4  -  elements/cells 
of  IR  technology;  5  -  photocells;  6  -  resistors;  7  -  electron  tube;  8 
-  battery;  9  -  dielectric  materials;  10  -  teflon;  11  - 
polyester/polyether;  12  -  polystyrene;  13  -  polysulfide  rubber;  14  - 
ceramics;  15  -  capacitors/condensers;  16  -  capacitors/condensers 
tantalum;  17  -  capacitors/condensers  polystyrene;  18  - 
capacitors/condensers  mica;  19  -  ceramics. 

Key;  (1).  Components.  (2).  rad. 
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The  recommendations  (for  the  exceptional  cases)  given  in  Table 
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4.17  are  designed  for  the  following  conditions:  radio-electronic 
equipment  is  placed  at  the  most  end/lead  distant  from  the  reactor  of 
the  instrument  container  of  space  object  and  the  distance  between  the 
equipment  and  reactor  is  not  less  than  5,  10  and  15  m  for  SNAP-2, 
SNAP-8  and  SNAP-50  respectively;  protective  shield  consists  of 
hydride  of  lithium  and  tungsten. 

Thus,  the  radiation  stability  of  radio-electronic  equipment, 
first  of  all,  depends  on  the  stability  of  the  elements/cells  used  in 
it,  and  also  the  circuit  and  design  concept.  The  radiation  stability 
of  semiconductor  devices  (transistors,  diodes,  photoresistors, 
photodiodes),  some  types  of  capacitors  and  resistors  and  gas-filled 
instruments  is  determining  in  this  case. 
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Fig.  4.9.  Stability  of  silicon  and  germanium  transistors  with  the 
different  thickness  of  basis  under  the  conditions  of  the  effect  of 
gamma-neutron  radiation/emission. 

Key:  (1).  Silicon  transistors.  (2).  Basis.  (3).  thick.  (4). 
average/mean .  (5).  thin.  (6).  Germanium  transistors.  (7).  (n/cm1). 

Table  4.17.  Conditions  of  replacing  the  semiconductor  devices. 


T  (0 

Tn  utpaoro 

Tn& 

Ttojoai*  umaocTt 
tAtpiaoro  ptaiTopa, 

• 

TO*.  *p*  aoiopoM  ««a> 

■QJUUSM  MHTpOWKyVW- 

wmi  apadopuM.  pit.  . 
■*  dan* 

SNAP-2 

!  3 

4  000 

SNAP-4 

30 

10000 

SNAP-80 

300 

20000 

Key:  (1).  Type  of  nuclear  reactor.  (2).  Heat  output  of  nuclear 
reactor,  kW  is  not  less.  (3).  Number  of  active  elements/cells,  with 
which  is  advisable  replacement  of  semiconductors  by  vacuum-tube 
instruments,  pieces  is  not  more. 
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If  changes  in  the  parameters  of  radioelements  are  known  to 
dependence  on  the  intensities  of  radioactivity,  then  the  output 
parameters  of  circuits,  assemblies,  blocks/modules/units  and 
radio-electronic  devices/equipment  (under  the  condition  of  the  normal 
law  of  distribution  of  a  change  in  the  parameters  of  elements/cells 
in  the  dependence  on  the  radiation)  can  be  determined  from  the 
expression: 

yi=li(xu  xt,  ....  x}),  (4.22) 

where  i  -  output  circuit  parameters; 

« 

j  -  electrical  parameters  of  elements/cells. 

Here  the  electrical  parameters  of  elements/cells  are  the  random 
flow  values  (dose)  of  the  ionizing  radiation/emission. 

The  random  functions  of  random  arguments  are  determined  from  the 
relationship/ratio 

rf(4>)  =/,{*,(<!>),  *2(0)) . *„(<D)].  (4.23) 

In  formula  (4.23)  mathematical  expectation  and  root-mean-square 
divergence  are  calculated  from  the  following  expressions: 
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n,t  (*)  =  ft  {K  (*).  (*) .  (*)]  + 


where  mti  W  -  dependence  of  the  mathematical  expectation  of  the 
output  i  circuit  parameter  on  the  flow  (dose)  or  the  density  of  the 
flow  of  the  ionizing  radiation/ emission; 

(®) -  dependence  of  the  root-mean-square  divergence  of  the  output  i 
circuit  parameter  from  the  flow  (dose)  or  the  density  of  the  flow  of 
the  ionizing  radiation/ emission; 

-  mathematical  expectation  of  the  electrical  parameter  of  the  j 
element/cell  at  the  assigned  flow  (dose)  or  the  density  of  the  flow 
of  the  ionizing  radiation/emission; 

9*i  -  root-mean-square  divergence  of  the  electrical  parameter  of  the 
j  element/cell  at  the  assigned  flow  (dose)  or  the  density  of  the  flow 
of  the  ionizing  radiation/emission; 


Y  °2,  (®)32  (®), 
\  <•> 


•  ri  (  Pyt 
^2j  \**it*. 
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v=»  |,  2,  n  -  number  of  basic  electrical  parameters  and 

elements/cells  in  the  equipment; 

#(<p)  -  the  flow  (density  of  flow)  of  the  ionizing  radiation/emission. 

Page  169. 

The  results  of  the  experimental  studies  of  some  electronic 
devices  are  given  in  tables  4.18  and  4.19  [35-37],  Table  4.18  shows  a 
change  in  the  output  parameters  of  transistor  circuits  depending  on 
the  neutron  flux  of  pulse  radiation/emission.  Table  4.19  gives  the 
results,  obtained  during  the  continuous  gamma-neutron  irradiation  on 
nuclear  reactors  of  aircraft  radio-electronic  equipment. 

These  data  attest  to  the  fact  that  the  equipment,  designed  with 
the  use/application  relative  to  radiation-resistant  semiconductor 
devices,  does  not  go  out  of  order  with  the  neutron  fluxes  to 
lO^-lO21  n/m2,  but  equipment  on  the  vacuum-tube  instruments  reliably 
works  with  the  flows  10 11  n/m2. 

It  is  evident  from  the  data  examined  on  the  radiation  stability 
of  equipment  and  radioelements  that  a  change  in  the  parameters  of 
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radio-electronic  devices/equipment  can  occur  over  a  wide  range  of  the 
flows  (doses)  of  the  ionizing  radiations/emissions.  Therefore  the 
need  for  taking  measures  for  increase  in  the  radiation  stability  or 
weakening  of  the  effect  of  the  ionizing  radiations/emissions  on  the 
equipment  appears  in  a  number  of  cases. 

Page  170. 

Toward  a  number  of  basic  actions,  directed  toward  weakening  of 
the  effect  of  the  ionizing  radiations/emissions  on  the 
radio-electronic  equipment  and  its  elements/cells,  can  be  attributed 
the  following: 

1)  use/application  in  the  equipment  of  radiation-resistant 
elements/cells  and  materials.  Fulfilling  this  requirement  is 
especially  important  for  the  elements/cells,  arranged/located  out  of 
the  protection  from  the  ionizing  radiation; 

2)  use/application  on  the  objects  of  the  special  passive 
screens,  which  shield  equipment  from  the  straight/direct  effect  of 
the  ionizing  radiations/emissions,  or  active  protection  from  the 
effect  of  the  flows  of  the  charged/loaded  particles.  Sometimes,  for 
the  protection  of  equipment  from  the  ionizing  radiations/emissions 
can  be  used  the  elements  of  the  construction/design  of  the  object,  on 
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which  is  established/installed  this  equipment; 

3)  the  use/application  of  diagrams,  it  is  small  the  electrical 
parameters  of  elements/cells  susceptible/critical  to  the  changes, 
also,  with  the  low  constant  values  of  the  time  of  separate  circuits. 
Use  in  the  diagrams  of  feedback,  nonlinear  elements/cells  and  dual 
elements/cells,  whose  parameters  under  the  effect  of  radiation  chang 
in  opposite  directions; 

4)  the  decrease  of  the  sensitivity  of  switching  circuits  to  a 
change  in  the  amplitude  of  input  signals  and  supply  voltages  and 
bias/displacement. 
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Table  4.18.  Results  of  changing  the  electrical  characteristics  of 
radio-electronic  devices/equipment  under  the  influence  on  them  of  the 
pulse  neutron  irradiation  (for  the  pulse  duration  of  less  than  1  ms). 


fa>r  exepaTOp  CHHyCOHjUlJSbHbJX 
KanedaHHft  Ha  TpaHSHcrope  th- 
na  301 

^ycHJiHTeJib  Kjiacca  A  wa 
TpaH3Hcropax  2N138  h  2N30 
WBblCOKOiaCTOTHhlA  BbinpHMH- 
Teab  (coscTaHHe  reHeparopa 
BbiCOKOit  HaCTOTbl  c  BfairlOflMH- 
Tejiex)  Ha  rpamHCTope  2N105 
{^■ITpHrrepbi  Ha  TpaHSucropax 
THnoa  302  u  2N35 


r-'-> 

OrHbCHTeJikiUB  UAxaHHa  auxoAHoro  xanpnxe- 
xaa  >  %  npa  noroxax  ucflTpoaoa  n/jt* 

10“  f 

I  10“ 

1  10“ 

|  I0‘* 

100 

100 

100 

100 

100 

100 

80—90 

50—60 

100 

85—95 

30 

15—20 

(i)  1  i 

Cpa(5aTbiBaiOT 

Key:  (1).  Form  of  diagram.  (2).  Relative  value  of  exit  stress/voltage 
in  %  with  neutron  fluxes  n/mJ.  (3).  Sine  wave  oscillator  on 
transistor  of  type  301.  (4).  Amplifier  of  class  A  on  transistors 
2N138  and  2N30.  ( 5 ). .High-frequency  rectifier  (combination  of 
high-frequency  oscillator  with  rectifier)  on  transistor  2N105.  (6). 
Triggers  on  transistors  of  types  302  and  2N35.  (7).  They 
operate/wear. 
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Table  4.19.  Some  data  on  the  radiation  resistance  of  radio-electronic 
equipment  to  the  effect  of  continuous  gamma-neutron  radiation. 


T  (0 

Tan  amnpuypw 

a 

Buv  ■  nm  apHueueiooc 
ucmm 

!  IVxCh/fl  ricrrot 
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3KC^O3flU0oaaai 

AOM.  p  j 

1  (S) 

Pay jk ran.  Bcjumaat 

3anpOCT^K-OTBcrqHK  ch- 
CT euu  0n03H2BaHHH 

ricuynpoBOiHHKOBue 

npefiopu 

1 .2- 10" 

9-10‘ 

(n 

Ha6.iioAajiocb  yueBbmeaae- 
acJXjieKTHBHOCTU 

_  ft) 

OTB€T^HK  CBCTCitti  0003- 
MBBHHJI 

_  0°) 

3JKKTpoaaxyyMHue 

np«K5opbi 

2- 10'* 

8- 10* 

c  On 

5e3  3a«eTHhix  RapymeaA 
pa6oTocnoco6HocTH 

Bo  prow  a  pajiHocraHUBJi 

_  jm 

3*errpo*iKyyMHue 
npHdopu.  KBBpcbi  a  aao- 
m  1N69 

5.4- 10*’ 

5- 10* 

Otk23  b  pa6oTe 

Caia^neTHoe  neperoBop- 
■oe  ycrpoftcTBo 

3jKrrpoaaKyyi<BM 

nputiopw 

10’ 

Bes  aaaieTHbu  aa|i  yrw  irtl 
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Key:  (1).  Type  of  equipment.  (2).  Forms  and  types  of  elements/cells 
used.  (3).  Total  flux  of  neutrons  n/mJ .  (4).  Exposure  dose,  r.  (5). 
Results  of  tests.  (6).  Interrogator-responder  of  identification 
system.  (7).  Semiconductor  devices.  (8).  Decrease  of  effectiveness 
was  observed.  (9).  Responder  of  identification  system.  (10). 
Vacuum-tube  instru  ~'r,+-s.  (11).  Without  noticeable 

disturbances/breakdowns  of  efficiency.  (12).  Onboard  radio  station. 
(13).  Vacuum-tube  instruments,  quartzes  and  diodes  1N69.  (14). 
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Failure.  (15).  Crew  intercommunication  equipment.  (16).  Without 
noticeable  disturbances/breakdowns  of  efficiency. 

Page  172. 

• 

For  decreasing  the  probability  of  the  ignition  of  the  gas-discharge 
instruments  of  discrete/digital  action,  which  are  found  up  to  the 
moment/torque  of  the  effect  of  pulse  radiation  in  the  waiting 
mode/condit ions ,  it  is  necessary  to  decrease  the  feeding  voltage  on 
the  anode  and  to  increase  the  negative  bias/displacement  of  grids  or 
to  utilize  protection  circuits; 

5)  the  guarantee  of  actions  for  the  protection  from  the  false 
responses  at  the  moment  of  the  effect  of  pulse  radiation  by 
use/application  blocking  or  compensating  for  spill  currents  and  the 
stress/voltage  of  diagrams; 

6)  the  use/application  of  different  devices/equipment  of  those 
turning  off/disconnecting  electronic  circuits,  but  in  certain  cases 
and  the  network  elements,  on  the  period  of  the  effect  of  pulse 
radiation; 

7)  the  use/application  of  different  kind  of  the  fillings,  which 
do  not  conduct  current  during  irradiation,  that  prevent  the 


DOC  =  83167508 


PAGE  3(>- 


possibility  of  inleakage  with  ionization  environment; 

8)  an  increase  in  the  distances  between  the  elements/cells, 
alive  load,  a  reduction  in  the  operating  stresses/voltages  on  them; 
the  selection  of  form  and  material  of  the  current-conducting 
surfaces;  the  control  of  thermal  and  electrical  loads  on  the 
elements/cells  and  an  improvement  in  the  distribution  stress/voltage. 

Taking  the  enumerated  actions  is  conducted  in  such  a  case,  when 
the  radiation  stability  of  equipment  is  lower  than  the  conditions,  in 
which  it  must  work.  Possible  radiation  conditions  during  the 
operation  of  equipment  can  be  determined  on  the  basis  of  data,  given 
in  the  preceding/previous  chapter. 
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Appendices . 
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Appendix  I . 

Wilson's  nomogram  for  the  approximate  determination  of  energy 
according  to  range. 

On  the  left  and  right  scales  are  deposited/postponed  the  ranges 
in  g/cm1  and  kg/m1  respectively:  on  the  average/mean  scale  -  kinetic 
energy  in  MeV;  on  the  scales  a,  p,  it,  u  -  atomic  number  Z  of  the 
inhibiting  substance.  Appropriate  energy,  landing  run  (left  scale) 
and  atomic  number  are  arranged/located  on  one  straight  line. 
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Appendix  II. 


Dependence  of  the  buildup  factor  of  dose  a.  on  energy  E  of  poin 
source  of  quanta  with  the  passage  of  -y-radiation  in  the  infinite 
medium  for  the  water,  aluminum,  iron  and  lead. 
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Key:  (1).  Quantum  energy,  MeV.  (2).  Air  (0.00129  g/cm3).  (3).  cmVg 
(4).  Water  (1  g/cm3).  (5).  Aluminum  (2.7  g/cm3).  (6).  Iron  (7.8 
g/cm3).  (7).  Lead  (11.3  g/cm3). 
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